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Foreword 


In keeping with the National Policy on Education (NPE) 1986, a new generation 
of physics textbooks for senior secondary classes was published by the National 
Council of Educational Research and Training (NCERT) during 1988-89. These 
textbooks were developed by a team of eminent research physicists in active 
interaction with the physics faculty in the NCERT and some practising teachers. 
Although these books have been trend-setters for physics education in the country, 
the feedback on the use of these books received from teachers and students 
gave a clear message that the Class XII physics textbook needed major revision 
as the level of mathematics employed in it at many places was far above the 
competencies envisaged at the senior secondary stage 

Prof. T. V Ramakrishnan of the Indian Institute of Science, Bangalore, 
kindly agreed to take up the responsibility of the revision of the book to make 
it -more effective within the style and approach of the existing book. He has 
carried out this task with a team consisting of some of the authors from the 
original team and some new members. 

As Chairman of the writing team for this edition, Professor Ramakrishnan 
has done a commendable job and has produced a high quality user-friendly 
physics textbook of world class and standard. It is a pleasure to record my 
sincere thanks to him and to all the members of his writing team for their vision 
and hard work in writing this book and in preparing the camera-ready manuscript 
using the latest computer technology, The quality of the computer generated 
illustrations and text lay-out of this book have set it apart as a pace-setter for 
NCERT’s textbook production. 

The development of the manuscript for this edition was carried out with 
the cooperation, assistance and pedagogical support of a team of faculty mem¬ 
bers from the Department of Education in Science and Mathematics (DESM), 
NCERT, under the guidance of Prof. A. N. Maheshwari, Joint Director, NCERT. 
My special thanks go to Prof. A, N. Maheshwari, Prof. R. N. Mathur, Dr, 
B. K. Sharma, Shri R. Joshi and Dr. V. P Srivastava for their support to the 
authors of this book. 

I also extend my thanks to Prof. K. V, Rao, Head, DESM, NCERT, for 
his keen interest and continuous support in the development of this book. My 
thanks are also due to Mr. C. N. Rao, Head, Publication Department, NCERT, 
and his Publication Team for ensuring the quality of production of this textbook. 
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Comments and suggestions for further improvement of the book will be most 
welcome. 


Fcbiuary 1993 
New Delhi 


A K. Siiakma 
Director 

National Council ot BrJiicaiional 
Research aruJ Tnmiuig 



Preface to the Revised Edition 


An almost completely rewritten version of the Physics textbook for Class XII 
IS before you The general objectives and approach of this edition continue 
to be the same. Briefly, the mam objective is to present Physics as it grows 
out of phenomena observed in nature as well as in experiments, formulation of 
basic physical ideas and their precise expression, developing the implications and 
testing them experimentally, and evolution of new concepts. A related objective 
is to equip students with the ways of thinking and experimenting, the methods 
necessary, and the background knowledge of physical phenomena so that these 
are of qualitative and quantitative use m a wide variety of circumstances. Our 
approach in trying to realize this objective has been to adopt a somewhat informal 
direct style, and to start with a description of phenomena and experiments. The 
basic physical concepts and principles implied are then drawn out and clearly 
expressed Their consequences are discussed. A number of solved examples in 
the text as well as a large number of exercises ard additional exercises illustrate 
how the principles are applied in a variety of physical situations. In trying to 
realize the rather general objectives mentioned above, we have benefited in many 
ways from the use of the first edition and from the nearly six years that have 
passed since it came out. 

We have had the advantage of extensive feedback from classroom use of 
the first edition of the text In July 1990, a meeting sponsored by the NCERT 
was held in the Regional College of Education, Mysore, at which teachers who 
used the book, subject experts, and authors discussed the text extensively. A 
number of concrete suggestions regarding the style of presentation, level and use 
of mathematics, reduction in the amount of subject matter, etc. were made, and 
they have been largely incorporated. The authors have also individually benefited 
from taking part in a number of summer courses organized for physics teachers 
at the +2 level. A preliminary draft of the present version was discussed at a 
review workshop (organized by the NCERT) conducted in Bangalore, in April 
1993. This, and continuous interaction with colleagues in the Physics Curriculum 
Group of the DESM as the manuscript evolved, had an effect on the book. 

In the following pages, we have attempted to meet our general objectives 
with the advantage of the inputs mentioned above. We havi. tried to make the 
presentation as simple, concrete and direct as possible while retaining accuracy. 
Simple examples are emphasized, Mathematical formalism is kept at the mini¬ 
mum necessary level (Vectors and differentiation are used; the integral symbol 



is occasionally employed, but a knowledge of integration is neither assumed nor 
used,) A large number of figures are used to assist in visualization. Both the 
amount and the level of material in several chapters have been reduced. Impor¬ 
tant ideas, definitions, etc. are often highlighted by bold letters. Each chapter 
ends with an extensive summary Each chapter has a number of solved examples 
integrated with the text, The unsolved problems have been divided into two 
categories, namely exercises and additional exercises. Exerci.ses often involve 
substitution or relatively simple analysis, calculation and application. They arc 
confidence building steps towards additional exercises, which may have harder 
questions, The specific changes in different chapters include the following: 

, ~ a simpler approach to Gauss’s theorem in electrostatics based 

on symmetry and with many applications, 

— a simpler discussion of the electrostatic potential, 

— reduction of material on thermoelectricity, 

— a more direct and brief discussion of electromagnetic induc¬ 
tion as well as of alternating currents, 

— a simpler, descriptive approach to electromagnetic waves, 
and 

— a discussion of semiconductor rectifiers and transistors basi¬ 
cally as circuit elements with given behaviour. 

Supplementary themes, somewhat advanced discussions and historical material 
are all in starred sections, which are to be out of the scope of examinations. 

The computer revolution has finally caught up with this edition. The text 
was typeset using a public domain distribution of TgX with a large number of 
macros specially developed for this book by Dr. Biswadeb Dutta (of Jawaharlal 
Nehru Centre for Advanced Scientific Research, Bangalore). A two-column 
text such as this, with its variety of symbols, typefaces, insertions, etc is a 
formidable task. Dr. Dutta’s ingenuity, unusual ability and selfless commitment 
have made this book physically realizable. I would also like to thank the typists, 
namely Ms. G. Sukanya, Ms. A. M. Shanta Kumari, Mr. N. Gopalakrishnan, 
Mr. G, Manjunatha and Mr, M, Renugopal for doing such a good job and for 
putting up with several rounds of corrections, additions, etc. and generally helping 
well beyond the call of duty. The drawings were generated on the computer 
by Mr. A. S. Prabhakar and Mrs. Geeta Prabhakar, who in spitetif diflicuU 
circumstances cheerfully carried out many rounds of changes and improvements 
in the original drawings. 1 would also like to thank Mr. G. Chandramohan of 
the Indian-Academy of Sciences, Bangalore, for careful reading of proofs and 
general advice regarding the production of this book and Mr. M. K. Dasgupta 
for helping to put some figures on to the text. All these professionals as well 
as the authors gave of their time and expertise unstintingly because of their 
commitment to the cause of good education for the young of our country. 

For everyone connected with this book, including the authors, the work was 
something beyond their normal activity This has led to delays, and to haphazard 



progress. In spite of this, the commitmenr of everyone involved has seen the 
book through. The encouragement, patience and active support of colleagues at 
the NCERT has made the crucial difference to the coming out of this revised 
edition, in its form as well as in content. We would particularly like to thank 
Professor A. K. Sharma, Director, NCERT; Professor A N. Maheshwan who 
first as Head, DESM and now as Joint Directqif^ NCERT strongly supported 
us; Professor K. V. Rao, Head, DESM who gave us all encouragement and 
support in carrying out this task We would also like to thank our colleagues 
in the Physics. Group at the NCERT for going through this version line by line, 
checking the text, figures and exercises. Special mention must be made of 
Dr. V. P. Srivastava, who worked for several weeks in Bangalore in the'final 
stages, assisting in the birth of the book. 

We have tried to make the book interesting and thought-provoking while 
presenting the essentials of physics appropriate at this stage of education In 
spite of our efforts, many errors might still remain, and changes m presentation 
mjght be desirable in many places. We request readers of the book to bring 
these to our attention so that corrections and improvements can be made as 
necessary. 


T V. Ramakrishnan 

Chairman of the Author Team 
Indian Institute of Science 
Bangalore 




The National Policy on Education adopted, m 1986, the Plan of Action evolved 
to implement the accepted National Policy, and the countiywide debate thereon 
led to a decision that the teaching of science should be introduced in an 
integrated way and pursued up to class X as a part of the study of Nature 
without compartmentalising it into narrow disciplines such as Physics, Chemistry, 
Botany, Zoology, etc. With this background of science, it was further decided 
to teach Physics, Chemistry, etc. as separate subjects in classes XI and XII 
In response to these decisions the Minister for Human Resource Development, 
Government of India, appealed to men of science in the universities and research 
institutions to get together to develop curricular material for teaching of science 
and of separate scientific disciplines at the school level. The response to this 
appeal was immediate and enthusiastic. Working Groups consisting of university 
professors, school teachers and research scientists were constituted to develop 
curricular material. The present book is the result of the efforts of the Working 
Group in Physics In this endeavour, the Working Group gratefully acknowlcdge.s 
the unstinted help and cooperation as also valuable pedagogical input received 
from Dr. P. L Malhotra, Director, NCERT, and his colleagues in the Department 
of Education in Science and Mathematics (DES&M). 

The physics Working Group, after long deliberation, considered it necessary 
to inmate a new approach to the study of Physics at the school level. This 
approach is essentially based on the active participation of the students in 
the learning process through experimentation, supplemented by demonstration 
by teachers, oriented activity by the students and discussion leading to the 
understanding of the basic concepts m Physics, without loss of mathematical 
rigoui. The efforts ol the Group have been to relate, as far as possible, the 
leaching of Physics to what a student sees and docs in everyday hte. In addition, 
It is intended to transmit in some measure the thrill and excitement in the study 
of Physics which would help the students to undcistand Physics bettei and find 
something new for themselves. The Working Group is only loo conscious that 
there is no unique way of teaching Physics and indeed one can conceive of very 
many ways of doing so. This book is only an humble effort of the Working 
Group in pursuance of their perception. 

The Working Group strongly feels that classroom teaching, experimentation 
by the students, demonstration by the teachers, outdoor oriented activity, the 
procc.s.s of evaluation, etc all contribute to the feaihing of Physic.s and il has 
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been our effort to produce a total package. Although initially we thought of 
integrating all these into one book, however, for the sake of convenience, the 
textbook and the laboratory manual arc separated. This textbook contains a 
large number of questions at the end of each chapter which arc indeed to 
supplement the textbook. The group is also conscious that every student has 
his own pace of learning and sora'e students can progress at a rapid pace and 
assimilate more difficult concepts as compared to the average student In order 
to sustain the interest of such students, the textbook contains portions which are 
starred (*) and are printed m spiall type. The omission of these portions will 
not affect the learning process of the average student, 

In order to achieve the objective of presenting Physics as it grew arising 
out of keen observations of nature and natural phenomena, formulation of basic 
concepts, conceptualising a model, and predictions made, based on the models 
that have been built, the authors have adopted a somewhat informal direct 
style, appealing directly to the reader’s experience and curiosity, while describing 
a large number of phenomena. In order to facilitate easy comprehension, a 
number of illustrations and diagrams have been given. It has been our attempt 
to present basic ideas with care, simultaneously bringing out their .subtleties. 
Physics has grown and is still growing. This process of growth implies existence 
of areas of ignorance, inadequate understanding etc, We have attempted to 
bring the attention of the students to some of these areas. Interesting additional 
material, which is connected with the rest of the text but is not in the prescribed 
syllabus is included in smaller print as starred (*) sections. 

We believe that one of the important ways in which physics is learnt is by 
solving problems requiring application and critical appreciation of the principles 
dealt within the text. In pursuance of this conviction, the book includes a large 
collection of solved examples and excrciscs-about 500 in all. 

Because of the above reasons, this textbook is somewhat big compared to 
the earlier ones (though not in comparison to textbooks for students of this 
age in other countries). Briefly, we believe that the kind and level of detailed 
treatment given here will help in comprehension, enjoyment and application. 
Most emphatically, the material is not to be memorized, but to be read, thought 
about, appreciated, and applied (now and later). As a matter of fact, the number 
of topics covered (syllabus) is less than that in earlier syllabi. The idea is to 
build up the ability of the student to think about phenomena scientifically and 
to stimulate his interest in them. It is not to burden him with facts, lists and 
formulae. 

The text falls into three natural parts, The major portion of the book, 
comprising chapters I to IX is concerned with electricity and magnetism. Chapter 
X and XI are concerned with optics The remainder of the book (chapters XII 
to XV) has to do with modern physics. 

The laboratory manual contains three components, viz,, (i) experiments to 
be conducted by the students themselves which are designed to clarify or bring 
out the application of the concepts dealt within the textbook (it) demonstration 
by the teacher in the class intended to exemplify the operation and working 
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of physical principles and concepts and (lii) oriented activity by the students 
designed to convey the ideal that Physics is not only to be studied in the class 
or a laboratory but should become a part of life. 

The Working Group is only too conscious of the shortcomings and limitations 
of the material. The practical difficulties in implementing the course will become 
clear after full scale trial. Teachers m urban and rural schools are- our primary 
concern and we look forward to a meaningful appraisal of the material by them. 
We also look forward to the reaction of the young students to whom it is 
addressed. We also look up to senior physicists in the universities and research 
institutions for their mature criticism of the material presented here from the 
standpoint of the contents as well as the way of presentation For these reasons 
the present edition is being brought out as an experimental edition which will 
undergo early revision after we receive the feedback from various sources. 

Because of constraints of time, this edition has had to be brought out in 
some haste. As a consequence, we are conscious that a number of errors have 
crept in, some of which will be indicated in the corrigendum attached to part 
II of the book. In spite of this, a number of mistakes might have gone in 
unnoticed. We shall indeed be grateful if these are brought to our attention so 
that the final version of the text can be brought out without errors and mistakes. 

All my colleagues join me in offering our grateful thanks to Prof. C. N. R. 
Rao, Chairman, Science Advisory Committee to the Prime Minister, who con¬ 
ceived the idea of Working Groups, for his guidance and stimulation; Dr. P. L. 
Malhotra, Director, NCERT; Dr. B Ganguly, Head, DES&.M, and his colleagues 
for their help in this endeavour. 

This book has been made possible by the dedication and help of many. 
Mr. G. Chandramohan of the Indian Academy of Sciences, Bangalore, made 
the book press-worthy, read and corrected the proofs, and generally lent his 
time and professional expertise unstintingly. Mr. Y. Hatwalne and Mr. B. Dutta, 
Ph.D. research scholars of the Department of Physics, Indian Institute of Science 
have given their time and knowledge of physics in checking the manuscripts, 
helping to get them typed, getting the figures drawn and generally making the 
manuscripts suitable for the audience. Mr. G. Fernandes and Ms. P. Lalantika 
of the Centre for Theoretical Studies, Indian Institute of Science, Bangalore, did 
an extremely good job of typing several revisions of the book. The draughtsmen, 
Mr. C. M. Aswatha and Mr. R. Babu were very constructive and helpful. We 
are also thankful to the teachers who participated in the New Delhi workshop 
for their careful reading of the book, discussions, and suggestions for change. 


V G. Bhide 
P oona University, Pune 



A Note for Teachers 


Most of the exercises in this book are designed to create learning situations for 
students to help them comprehend the contents of the textbook thoroughly. The 
collection of exercises here is, however, quite large and attempting to solve all 
of them in the limited time available in a year may be burdensome for many 
students. Items which arc not completely straighttoiward applications of material 
in the text have, therefore, been put in the category of additional exercises. All 
students should be encouraged to attempt to solve as many of the exercises and 
additional exercises as possible. 



A. Regarding the Book 

This book IS meant to increase your understanding of the world, around you, 
by describing phenomena carefully, and by providing you with the ba.sic ideas 
and methods for their scientific explanation. Our hope is that after reading the 
book, thinking about what il says, going through solved examples and working 
through the exercises, you will be able to figure out things by yourself In order 
to achieve this aim, we have tried to give many physical examples, describe 
carefully how theoretical models arc made, emphasize basic principles and to 
relate the wide variety of phenomena to these We have also given a large 
number of solved examples and unsolved exercises with answers 

For the above •'casons, the book is somewhat big (though no bigger than 
what students of the same age use in other countries). We strongly believe that 
this will actually help you in understanding, enjoying and applying physics. The 
book is not a list of facts and equations to be painfully memorized. It will, 
however, have to be read and read again, and worked through Wc believe that 
you are at an age where you are not only full of questions, but also, with a little 
help (this book) can yourself find answers (at least for questions Concerned with 
physical science'). If you find that things are not clear you arc most welcome 
to write to us at the address indicated. 


B. Regarding Examples and Exercises 

This book contains a large collection of examples and exercises - about 500 in 
all. Answers to nearly all the exercises arc given at the end of the book and 
hints or partial solutions have been provided to many exercises 

The exercises have been divided into two broad categories; exercises and 
additional exercises The former should be attempted first. They often irequire 
direct use of what you have learnt, and will help you to be sure of the basic 
results and their application The additional exercises may need moic work, but 
are based only on what is developed m the text In some cases, hints are given 
for solution. You can, if you like, first solve only the exercises, and after this 
preparation, depending on inteiest as well as available time, attempt to solve as 
many of the additional exercises as you like. 
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It is most important that you try to work out the exercises regularly. Try at 
least 15 to 20 exercises every week, and we believe you will notice after a few 
months of this regular practice an improvement in your comprehension of the 
subject. We wish you happy problem-solving in physic.s. 


A Note on Notation 


In this book, all symbols are given in italics, c g. a mass rr}, a charge g or potential 
The exceptions are vectors, which are given in boldface, e.g. electric field 
Coordinates and units are given in roman, e.g a point P, or :1V (for volts) 
or 7 3 A (for amperes). We have followed SI units throughout the book. 
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SOME SYMBOLS FOR UNITS OF PHYSICAL QUANTITIES 


SI Symbols 

Symbols other than 

SI that are Commonly Used 

Name 

Abbreviation 

Name 

Abbreviation 

ampere 

A 

angstrom 

A 

candela 

cd 

atmosphere 

atrri 

coulomb 

C 

British thermal unit 

BLll 

farad 

F 

calorie 

cal 

henry 

H 

degree 

O 

hertz 

Hz 

degree celsms 

“C 

joule 

J 

centimetre 

cm 

kelvin 

K 

Curie 

Ci 

kilogram 

kg 

degree Fahrenheit 

“F 

meter 

m 

dyne 

dyn 

mole 

mol 

electron volt 

eV 

newton 

N 

foot 

ft 

ohm 

n 

gauss 

C 

pascal 

Pa 

gram 

g 

radian 

rad 

horsepower 

hp 

second 

s 

hour 

h 

siemens 

s 

minute (of arc) 


steradian 

sr 

minute (of time) 

min 

tesla 

T 

pound 

lb 

volt 

V 

revolution 

rev 

watt 

w 

second (of arc) 

H 

weber 

Wb 

unified atomic mass unit 
year 

U 

y 


THE GREEK ALPHABET 

Alpha 

A 

Q 

Iota 

I 

L 

Rho 

P 

p 

Beta 

B 

/3 

Kappa 

K 

K. 

Sigma 


O' 

Carnma 

r 

7 

Lambda 

A 

A 

'I'au 

'r 

T 

Delta 

A 

6 

Mu 

M 


Upsiloii 

T 

X) 

Epsilon 

E 

c 

Nu 

N 

V 

J>hi 



Zeta 

Z 

c 

Xi 


i 

Ghi 

X 

X 

Eta 

11 

V 

Oinicron 

o 

o 

Psi 

Ip 


Theta 

© 

0 

Pi 

II 

TT 

Omega 

n 

U) 




SOME FUNDAMENTAL CONSTANTS OF PHYSICS 


Constant 

Symbol 

Computational 

Value 

BEST (1986) VALUE 
Value" Uncer¬ 

tainty'’ 

Speed of light in a 
vacuum 

c 

3 00 X 10“ m/s 

2.99792458. 

exact 

Elementary charge 

e 

1.60 X 10-'® C 

1.60217738 

0.30 

electron mass 

TTlg 

9.11 X 10-®' kg 

9.1093897 

0 59 

Proton mass 

TTlp 

1 67 X 10-27 

1.6726230 

0 59 

Neutron mass 

Tfln 

1.68 X 10-27 j^g 

1 6749286 

0 59 

Electron-chaxge-to- 
mass ratio 

ejme. 

1.76 X 10" C/kg 

1 75881961 

0.30 

Permittivity constant 

cq 

8.85 X 10-'2 F/m 

8 85418781762 

exact 

Permeability constant 

/^o 

1.26 X 10-® H/m 

1.25663706143 

exact 

Planck constant 

h 

6.63 X lO-®'' J.s 

6.6260754 

0.60 

Universal gas constant 

R 

8 31 J/mol K 

8.314510 

8.4 

Avogadro constant 

Na 

6 02 X 102® mol-' 

6.0221.367 

0.59 

Boltzmann constant 

k 

1.38 X 10-2® 

1..380657 

11 

Faraday constant 

F 

9 65 X 10“ C/mol 

9.6485309 

0.30 

Rydberg constant 

R 

1.10 X 107 m-' 

1.0973731534 

0.0012 

Gravitational constant 

G 

6.67 X 10"" m®/s2 kg 

6.67260 

100 

Bohr radius 

oo 

5.29 X 10-" m 

5 29177249 

0.045 

Electron magnetic 
moment 

Pe 

9.28 X 10-2“ j/T 

9.2847700 

0.34 


“ Values given in this column should be given the same unit and power 
of 10 as the computational value. ^ Parts per million. 
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p 
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10-'® 
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★ In all cases the first syllable accented, as in na-no-m^ter 







SCIENCE RELATED VALUES 


Curiosity; quest for knowledge; objectivity; honesty and 
truthfulness, courage to question, systematic reasoning, 
acceptance after proof/verification, open-mindedness, 
search for perfection and team spirit are some of the basic 
values related to science. The processes of science, which 
help in searching the truth about nature and its 
phenomena are characterised by these values. Science 
aims at explaining things and events. Therefore to learn 
and practise science : 

* Be inquisitive about things and events around you. 

* Have the courage to question beliefs and practices, 

* Ask 'what', 'how' and 'why' and find your answers 
by critically observing, experimenting, consulting, 
discussing and reasoning. 

* Record honestly your observations and experi¬ 
mental results in your laboratory or outside it. 

* Repeat experiments carefully and systematically if 
required, but do not manipulate your results under 
any circumstance. 

* Be guided by facts, reasons and logic. Do not be 
biased in one way or the other. 

* Aspire to make new discoveries and inventions by 
sustained and dedicated work. 



SOME FUNDAMENTAL CONSTANTS OF PHYSICS 


Constant 

Symbol 

Computational 

Value 

BEST (1986) VALUE 
Value" Uncer¬ 

tainty*' 

Speed of light in a 
vacuum 

c 

3.00 X lO" m/s 

2.99792458. 

exact 

Elementary charge 

e 

1.60 X 10““ C 

1.60217738 

0.30 

electron mass 


9.11 X 10“^^ kg 

9 1093897 

0.59 

Proton mass 

TUp- 

1.67 X 10-2^ kg 

1.6726230 

0.59 

Neutron mass 

m„ 

1.68 X 10“^^ kg 

1.6749286 

0 59 

Electron-charge'to- 
mass ratio 

ejme. 

1.76 X 10” C/kg 

1 75881961 

0 30 

Permittivity constant 

ffl 

8 85 X 10“” F/m 

8 85418781762 

exact 

Permeability constant 

/io 

1.26 X 10"® E/m 

1.25663706143 

exact 

Planck constant 

h 

6 63 X 10“^^ J.s 

6 6260754 

0 60 

Universal gas constant 

R 

8.31 J/mol.K 

8 314510 

84 

Avogadro constant 

Na 

6 02 X 10^3 mol-i 

6 0221367 

0 59 

Boltzmann constant 

k 

1.38 X 10-23 

1..380657 

11 

Faraday constant 

F 

9 65 X 10^ C/mol 

9 6485309 

0 30 

Rydberg constant 

R 

1,10 X 10'^ m-^ 

1,0973731534 

0.0012 

Gravitational constant 

G 

6.67 X 10-” mVs2.kg 

6.67260 

100 

Bohr radius 

OQ 

5.29 X 10-” m 

5 29177249 

0 045 

Electron magnetic 
moment 


9.28 X 10-2“ jy-p 

9.2847700 

0.34 


“ Values given in this column should be given the same unit and power 
of 10 as the computational value. Parts per million 
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Prefix 

Symbol 

Factor 

Prefix 

Symbol 

102“ 

yotta 

Y 


dec! 

d 

1021 

zetta 

Z 


cent! 

c 

10 ’® 

ex a 

E 

10 -® 

mini 

m 

10” 

peta 

P 

10-® 

micro 


1012 

tera 

T 

10-® 

nano 

n 

10 ® 

giga 

G 

10-12 

pico 

P 

10® 

mega 

M 

10-15 

femto 

f 

10® 

kilo 

k 

10-18 

atlo 

a 

102 

hecto 

h 

10-21 

zepto 

z 

IQi 

deka 

da 

10 - 2 “ 

yocto 

y 


* In all cases the first syllable accented, as in na-no-m^ter. 











SCIENCE RELATED VALUES 


Curiosity, quest for knowledge, objectivity, honesty and 
truthfulness, courage to question, systematic reasoning, 
acceptance after proof/verification, open-mindedness, 
search for perfection and team spirit are some of the basic 
values related to science. The processes of science, which 
help in searching the truth about nature and its 
phenomena are characterised by these values. Science 
aims at explaining things and events. Therefore to learn 
and practise science : 

* Be inquisitive about things and events around you, 

* Have the courage to question beliefs and practices. 

* Ask 'what', 'how' and and find your answers 
by critically observing, experimenting, consulting, 
discussing and reasoning. 

Record honestly your observations and experi¬ 
mental results in your laboratory or outside it, 

* Repeat experiments carefully and systematically if 
required, but do not manipulate your results under 
any circumstance. 

Be guided by facts, reasons and logic. Do not be 
biased in one way or the other. 



Aspire to make new discoveries and inventions by 
sustained and dedicated work. 
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1.1 Introduction 

Many practical conveniencea and appliances 
we use in daily life are based on the princi¬ 
ples of electricity and magnetism, Lights, fans 
and motors, radio and television are familiar 
examples. So are electric power generation, 
wireless and telephone communication, bat¬ 
teries and so on. Indeed, modern civilisation 
depends heavily on the science of electricity 
and magnetism. Many of these applications 
, also require understanding the properties of 
' different kinds of materials. 

; For daily purposes we depend mainly on 
[“ current electricity for the working of appli- 
fl ances. Historically, however, it was fric¬ 


tional electricity that was understood first, 
while current electricity came to be under¬ 
stood later. As we shall see, there is no basic 
difference between the two. So we begin our 
study with frictional electricity and electric 
charge; in later Chapters we turn to current 
electricity, which is flow of charge. 

In the study of the laws of projectiles and 
falling bodies, we learn about the force of 
gravity This is also the force that explains 
the motion of the moon around the earth, and 
of the planets and comets around the sun, 
Apart from gravity, in all processes of nor¬ 
mal dally experience only two other forces are 
involved. These are electric and magnetic 
forces. Often these are referred to jointly as 
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the electromagnetic force It is this force 
that leads to all the laws of chemistry, the 
properties of matter from atoms to bulk ma¬ 
terials, and even the processes that occur in 
the, cells of living organisms 

In the monsoon season, and also at other 
times, you may have seen the very impressive 
sight of flashes of lightning during thunder¬ 
storms. This is a large scale electrical phe¬ 
nomenon which occurs in nature. We will 
study a little bit about it in the next Chapter. 
Apart from this natural example, it usually re¬ 
quires special effort to show the existence of 
electromagnetic forces and phenomena in na¬ 
ture, and to see the electrical basis of chemical 
and biological processes. 

The major part of this text book will deal 
with the basic features of electricity and mag¬ 
netism. At many places in our study, some 
understanding of the properties of matter will 
be important, so this will be included. In this 
Chapter, we introduce the ideas of electric 
charge, electric forces between charges, and 
the electric field We study these further in 
the next Chapter as well. In later Chapters we 
will learn about electric currents, their ther¬ 
mal and chenucal effects, and the close con¬ 
nections between electricity and magnetism. 
This leads us on to electromagnetic waves, op>- 
tics and optical instruments, and some parts 
of modern physics. One Chapter is devoted 
to an account of solids and semiconductor de¬ 
vices, which are so commonly used today 

1.2 Frictional electricity - two kinds 
of charge — likes repel and unlikes 
attract - the electroscope 

A glass rod rubbed with a silk cloth, or a hard 
rubber rod with a woollen cloth, is able to at¬ 
tract small pieces of paper, straw, lint, light 
feathers, hair, etc. If a rubber or plastic comb 
is passed through dry hair on a dry day, it 
can also attract such small objects. In each 
of these cases, we say that the rod after rub¬ 
bing, or the comb after running through dry 
hair, is electnUed , or has become electricalIg 
charged. 


A ny solid Tnaterial rubbed with any 
otKer m^erial under suitable conditions gets ' 
charged to som e extent in this wa v In all ! 
cMcs. TT ls the friction during rubbing tha t ■ 
makes the object , whether g l^ or rubber rod \ 
or comb, get charged bo these are examples 
of frictional electnc itv. Here are more ex- ' 
amples: a piece of ebonite rubbed with wool ; n ' 
woollen sweater or coat sliding against-n pls ,'»- : 
t ic seat, rubber shoes brushing over a woolle n , 
carpet. 

Effects of this kind have been known for a 
long time. Simple experiments can be done 
to show that there are two kinds of electric ■ 
charge. They also show that in some cases ‘ 
there are repulsive forces, unlike the attractive 
forces described above. Let us describe such ' 
an experiment. 

Take a glass rod and rub one end of it vig¬ 
orously with a silk cloth. Then suspend it by 
a long silk thread, so that it can swing hori- ‘ 
zontally. Now take another glass rod, rub one 
end with silk, and bring it near the hanging 
rod. It is found that the hanging rod swings I 
away, that is, the two charged ends repel one 
another. This is shown in Fig 1.1a. | 

Next, suppose we take a hard rubber rod ' 
and rub one end of it with a woollen cloth. [ 
If this is brought near the hanging glass rod, } 
we see something different. The glass rod • 
swings towards the rubber rod, that is, the I 
two charged ends attract one another. We i 
show this in Fig 1.1b. ! 

A third experiment. Fig. 1 Ic, completes 
the picture. If we hang a hard rubber rod,, 
charged by rubbing with wool, from a long ,1 
thread, and bring another charged rubber rod j 
near it. we find again that they repel one an- ! 
other, as was the case with two glass rods/' ' 

From many such experiments, it becomes j 
clear that two kinds of “electrification" can be i 
produced on bodies by friction, that is, there j 
are two kinds of electric charge Two bodies! 
carrying the same kind of electric charge re- 1 
pel one another - in the above experiment,] 
two charged glass rods or two charged rub-i 
ber rods. On the other hand, two bodies car¬ 
rying different or opposite kinds of electric 
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^ (a) Likes repel 




figure 1.1: Attraction and repulsion between 
iharged objects 


charge attract one another - in the above ex¬ 
periment, one charged glass rod and another 
charged rubber rod. We can say in brief, l ikes 
r epel and unlikes attract. 

The fact that there are two kinds of electric 
charge can be conveyed in another way. Con- 
.sider the glass rod which has been electrically 
charged by rubbing with a silk cloth. If the 
rod and cloth are again brought into contact 
with one another, the charge disappears, the 
rod 13 now no longer able to attract or repel 
another charged objecti It is as though the 
cloth and rod have neutralised one another, 
something like positive and negative numbers 
being able to cancel one another when we add 
them. 

The two kinds of electric charge are called 
positive and negative. This is a matter of 
convenience, or a convention. According to 
this convention, the charge on a glass rod 
rubbed with silk is said to be positiv e. The 
chaige on a rubber rod rubbed with wool is 
the n said to be negative In Fig l7l these 
conventions have already been used to indi¬ 
cate the kind of charge on each rod. We can 
now say: two positively charged bodies, or two 
negatively charged bodies, repel one another. 
But a positively charged body, and another 
negatively charged body, attract one another. 


★ The beginnings ol an understanding of electric 
charges and their properties, and also of mag¬ 
netism, go back to the 6th century BC . that is, 
2500 years ago Thales of Milotus, one of the 
founders of Greek science, knew that if a piece of 
amber is rubbed with a woollen cloth, it would then 
attract light feathers, dust, lint, pieces ol leaves 
etc. Amber is a yellow r esinous (that is, gumlike) 
substance found on the'shores ol the Baltic sea 
The Greek name lor amber was "electrum", and 
this Is the origin of all the familiar words, electric¬ 
ity, electric force, electric charge, and finally, the 
electron 

Similarly the early knowledge about magnetism 
goes back to the Greeks and, independently, the 
Chinese The Greeks knew that certain rocks 
from the island of Magnesia in Asia minor (west 
of present day Turkey) had the strange capac¬ 
ity to attract pieces of iron These are rocks of 
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iDdBSlont,- j L-gvagnetite, an iron ore^ The Cht- 
nese were a\^re that thin long pieces o( certain 
natural iron ores, i1 suspended Uom a string and 
free to swing horizontally, would naturally orient 
themselves roughly in the north-south direclr 
By about 1000 A D , that is, 1000 years ago, 
Chinese were using magnetic compasses lor nav¬ 
igation, 

The first person to write a scientific account 
of the early experiences of electricity and mag¬ 
netism was William Gilbert He lived in the 16th 
century, from 1540 to 1603, a'^j was personal 
doctor to Queen Elizabeth ' ot England had 
done experiments like ‘.he ones we described ear¬ 
lier, uboing glass rods with silk, rubber shoes 
against a woollen carpet, etc, which produced 
electrically charged bodies In his book “De Mag- 
nete" ("On the Magnet", published in 1600), he 
gave the name "electrica" for substances like am¬ 
ber which became electrically charged by rubbing 
The observation that there are two kinds of electric 
charge, and that likes repel while unlikes attract, 
was known to Gilbert 

In these early days the two kinds of charge were 
Called "resinous" and "vitreous" The charge pro¬ 
duced on a rubber rod or on a piece of amber 
when rubbed with wool v as called resinous (Re¬ 
member, amber is like resin') On the other hand, 
the charge produced on a glass rod when rubbed 
with silk was called vitreous. 

It was the American scientist-statesman Ben¬ 
iamin Franklin (1706-1790) who later introduced 
the words positive in place of vitreous, and neg¬ 
ative in place of resinous This convention has 
been followed ever since But it is in fact an un¬ 
fortunate choice in one respect The electron, so 
important in all of chemistry and the study of the 
properties of matter, turns out by this convention 
to have ,i negative charge' 


The Electroscope: A simple apparatu s with 
which we cam deteet the presence of electri c 
charge on a charged body is the leaf electro¬ 
scope. It can also give us a rough idea of 
the amount of charge on the body This in¬ 
strument is now a museum piece since many, 
much more sensitive, electronic instruments 
have been developed. But just because vt is 
so simple, It is worthwhile describing it briefly 
at this point Actually there are several lands 


of electroscopes, we describe one typical kind 
to understand the main features. 

Here is how an electroscope is con.structed. 
It contains a vertical rretal rod, with a round 
metal ball or knob on top, housed in a box as 
shown in Fig, 1.2a. The part of the top lid 
which holds the rod in place, and which is m 
contact with the rod, is made of material like 
hard rubber or amber Two very thin gold 
leaves (or two thin strips of aluminium) are 
attached to the bottom end of the rod, inside 
the box, as shown. (Alternatively, one may 
have a right angle bend at the bottom end of 
the rod. Then a longer strip of thin gold leaf 
is draped over, and fastened to, the horizon¬ 
tal portion of the rod (see inset in Fig. 1.2). 
The sides of the box contain glass portions like 
windows Through them the positions of the 
leaves can bd seen. Tii £_purpQ 3 e of the bo x 
i3_to_Brpt£ctJh e rod and t he tbiti ( eaves froi h^ 
air curfen ta^-and- from dus t- 

When the electroscope is uncharged, tlie 
two leaves hang parallel and vertically down¬ 
wards, because of their own weight, a.s in Fig 
1.2a Suppose now we bring a charged o^ 
ject, say a glass (or rubber) rod winch has 
been rubbed with silk (or wool), and touch the 
metal knob at the top of the clet tro,scope with 
it. Then the charge flows from the charged ob¬ 
ject through the electroscope metal rod onto 
the gold leaves. The two leaves now repel 
one another - likes repel (T'his will happen 
whether we had brought in a charged glass rod 
or a charged rubber rod, that is, a positively 
or a negatively charged object) So they np. 
longer hang vertically down but diverge from 
anothcr aj"in Fig. 1.2b. This can be sceii' 
through the glass windows. Tiie amount by 
j ffhich the leaves have diverged gives ua an 
I^a how~~much~j ^ctric charge 
on (he leavefi 

Anoth^r way to charge an eled-ffiaeope la 
to use a battery, rather tJnui touch the knob 
with a charged obh-ct. Thus if we connect 
gnejgl ininal QTa_ ba tter. y - t aJj ie knob and the 
^her to the electrosco)iR body for “r H.siug” a-s 
it is called), again th e leaves bercninp. cliarg ett" 
and hence will diverge. 
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Figure 1.2: The leaf electroscope 


In Section 1.5 we will study the quantitative 
aspects of electrical forces between charged 
bodies Then it will be easy to understand 
why the degree of divergence of the leaves is an 
indication of the amount of charge on them. 

1.3 Properties of electric charge 

As in the case of other physical quantities such 
as mass, length and time, the measurement 
of the quantity of charge on a charged body 
needs a unit The SI un it of electric charge is 
the co ulom b, written as C. We will introduce 
it in Section 1 5 Hut even at this point, we 
can understand some of the basic properties 
of electric charge quite easily. 

r Quantization. Many experiments' have 
shown that in nature the re is a c ertain small ¬ 
est amotint of electric charge, and all other 
electric charges are integral multij-'les of this 
basic amount . This property is called the 
quantization o^ electric charge. 

We ha^Fearnt that electric charge can be 
positive or negative The smalle.sL amounts of 
positive and negative charge are the charges of 
a proton and an electron respectively These 
have exactly the same magnitude but oppo.site 
signs Two protons (or two electrons) repel 
one another, while a proton <uid an electron 
attract one another. 

We use the symbol e for the magnitude of 
the smallest amount of charge. So the charge 
of a proton is e, and that of an electron i.s 
—e. (Remember that it is because of Ben¬ 
jamin rVanklin’s convention that we say the 
electron has a negative charge). The numcri- 
caJ value of e will be given after the roulomb 
has been defined. 

Quantization of electric charge means, then, 
that any charged body, large or .small, has a 
total charge which is an integral multiple of 
e, namely, ±p, ±2e, ±3e, .... No fractions of 
±e have been seen. 

When we deal with most practical situa¬ 
tions involving electrically charged bodies and 
large scale electrical phenomena, however, the 
magnitude of the proton and electron charges 
is so small that we can essentially ignore the 
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quantization of charge. As an example, when 
we switch on a 60-watt electric bulb, the num¬ 
ber of electrons passing through the filament 
in each second is a really enormous number, 
approximately 2 x 10^®. (You will be able to 
calculate this later on, but you can already 
appreciate how large this number is). So on 
this scale the charge on a single electron is 
very small indeed. This is why we can sup¬ 
pose that the charge on a charged body of 
reasonable size, something we can directly see 
and handle, can have any continuous value 
It is similar to supposing that water is a con¬ 
tinuous fluid - for moat practical purposes we 
can ignore the fact that actually it consists of 
individual molecules, 

Classical concepts of electricity and mag¬ 
netism cannot explain why electric charge is 
quantized. (So far modern physics has also 
not been able to explain this satisfactorily!). 
In many situations, as we said, we may and do 
ignore this property of electric charge. How¬ 
ever when we study the physical and chemical 
properties of individual atoms and molecules, 
and properties of matter where its atomic 
structure is important, then we cannot ignore 
the quantization of charge. 


★ In the early days ot the study of electricity, 
tor example at the time of Benjamin Franklin, it 
was thought that electric charge was a continuous 
fluid Somewhat later, by about 1870 and the time 
ot James Clerk Maxwell. (1831-1879) the laws of 
electrolysis had shown that there probably was 
a smallest amount of electric charge in nature 
We will come to this in Chapter 4 in connection 
with the thermal and chemical effects of electric 
currents 

The charge o1 the electron was first measured 
in a series ol experiments performed at the Uni¬ 
versity of Chicago during 1909-1913 by the Amer¬ 
ican experimental physicist Robert Andrews Mil¬ 
likan (1868-1953), A brief description of this fa¬ 
mous experiment will be given in Chapter 12 on 
Electrons and Photons 

The fact that the charges ol the proton and 
the electron have the same magnitude, though 
opposite in sign, has been experimentally verified 
to a very great accuracy Thus it is now known 


that the equality of the magnitudes of these two 
charges holds to an accuracy ot one part in 10*“ 

★ 


Additivity. There is a property of electric 
charge which we used implicitly in the pre¬ 
vious discussion Let us suppose we have a 
charged body, with various amounts of posi¬ 
tive and negative charge distributed over dif¬ 
ferent parts of it. Then the total charge of the 
body is the sum of all these individual con¬ 
tributions, each being taken with its proper 
sign. So this is similar to the process of adding 
real numbers, some positive and some nega¬ 
tive. We say electric charge is additive. 

For example we may have a body which has 
positive and negative charges distributed in 
such a way that they add up to zero. Then 
the total charge is zero and the body is over¬ 
all neutral. On the other hand suppose for 
example we have a glass rod which has been 
charged by rubbing with a silk cloth Then 
positive charges would be distributed all over 
the rubbed portion, and the total charge on 
the rod would be nonzero and positive. 

This additive property of electric charge is 
similar to such a property for mass, the to¬ 
tal mass of an extended body or a system of 
bodies is the sum of the masses of its parts. 
The difference however is that all masses are 
positive, while charges can be positive or neg¬ 
ative. 

Conservation Another important property 
of electric charge is that it is conserved. Prom 
the study of elastic collisions, for example, we 
are familiar with the conservation of energy 
and momentum. The total energy is the same 
before and after such a collision, and similarly 
the total momentum. They do not change in 
the course of time. Electric charge obeys a 
similar law. If some amount of charged matter 
is contained in a certain volume of space, and 
no charged matter is allowed to enter or leave 
this volume, then the total charge within the 
volume will never change. We can say; the 
total charge of an isolated system does not 
change. 
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We can illustrate thb with the discussion of 
frictional electricity m the previous Section 
When a, glass rod gets positively charged by 
rubbing with a silk cloth, in the process the 
silk gets negatively charged (and to the same 
extent!) This can be checked quite simply, if 
the cloth IS taken near the charged glass rod, 
hanging from a thread, the rod is attracted 
by, and swings towards, the cloth Therefore 
the rubbing of the rod by the cloth results 
in both becoming charged, one positively and 
the other negatively. The total charge remains 
zero, as it was to begin with. This suggests 
that what happens in frictional electricity is 
a transfer of electric charge from one body 
to the other, and not creation of charge We 
will soon see that it is electrons that are trans¬ 
ferred. 

Experiments have shown that the law of 
conservation of electric charge is obeyed in 
all processes, both large scale and microscopic 
ones. An interesting example is in the process 
of electrolysis, which we will study in Chapter 
4 


★ There are numerous examples ol processes in¬ 
volving microscopic elementary particles, in which 
one sees the conservation oi electric charge Here 
IS a very interesting and striking one Related to 
the electron is another particle called the positron 
It has the same mass as the electron, but exactly 
the opposite charge When an electron and a 
positron collide, they sometimes annihilate each 
other, that is, they both disappear What remains 
IS electromagnetic radiation, which has no charge 
One sees that the total electric charge was zero 
in the beginning, and remains zero in the end 
The reverse process also occurs' under suitable 
conditions, electromagnetic radiation (in the form 
of a gamma ray) can create an electron-positron 
pair, and Itself disappear' Again, total charge is 
conserved 

A few more comments about the relationships 
among the properties of electric charge may be 
helpful. Conservation of electric charge makes 
sense whether or not we take account of quanti¬ 
zation, that is, even in a classical description when 
charge is imagined to be a continuous quantity. 
The conservation of electric charge is so basic 
that without it we cannot have any description of 


electricity and magnetism at all' 

We compared above some properties of elec¬ 
tric charge with those of mass. As pointed out, 
a major difference is that while charge can be of 
either sign, mass is always positive Another dif¬ 
ference IS this, according to special relativity, the 
mass of a body increases as its speed increases 
However, the charge on a body remains constant 
and does not change as the speed ol the body 
changes This is experimentally very well verified, 
for example in the operation ol giant accelerat¬ 
ing machines which speed up charged particles 
to great velocities Lastly, while charge is fun¬ 
damentally quantized, mass does not appear to 
follow a similar rule ol quantization 


1.4 Atomic struct; -conductors 
and insulators 

Atomic Structure: From chcmi.stry we know 
that there are about one hundred different ele¬ 
ments in nature, ninety-two of which are nat¬ 
urally occurring and the rest are artificially 
produced. Atoms of various elements in com¬ 
binations make up molecules. For example, 
a molecule of water consists of two hydro¬ 
gen atoms and one oxygen atom. The light¬ 
est atom is hydrogen. Then come helium, 
lithium, beryllium, and so on up the periodic 
table Along the way we have elements like 
iron, cobalt, nickel and copper. Towards the 
end of the periodic table are heavy elements 
like lead and uranium. 

To appreciate better the electrical proper¬ 
ties c. matter, let us very briefly recall here 
some aspects of atomic structure At the cen¬ 
tre of every atom of any element is a tiny 
nucleus, with a diameter of about 10~’®m, 
It contains protons and neutrons. (The nu¬ 
cleus of hydrogen is a single proton). Com¬ 
paratively far away from the nucleus, at a 
distance of about are the electrons 

The nucleus together with these electrons is 
the atom. Since protons and neutrons have 
masses about 1840 times the electron mass, 
the nucleus accounts for practically the entire 
mass of the atom. 
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The electrons may be crudely pictured as 
travelling along various orbits around the nu¬ 
cleus, so that the atom as a whole appears like 
a tmy solar system. More correctly, one must 
picture the electrons as forming a smeared out 
cloud of electric charge about 10 '°m away 
from the nucleus. We will study these mat¬ 
ters in more detail in Chapter 13. 

The neutron has zero electric charge In 
an atom in its normal condition, there arc 
equal numbers of protons in tl o nucleus and 
electrons outside. Therefore t'li total elec¬ 
tric charge of the atom is zeiv If in some 
way one or more electrons are removed from 
a neutral atom, what remains is a positively 
charged ion. On the other hand, addition of 
electrons to a neutral atom produces a nega¬ 
tively charged ion. Both processes are called 
ionization 

Matter in bulk is ordinarily electrically neu¬ 
tral - in any piece of material the positive pro¬ 
ton charges and the negative electron charges 
cancel each other perfectly. Therefore, be¬ 
cause there are both attractive and repulsive 
electric forces, electrical effects can cancel out 
to a very great degree. (In contrast, as all 
masses are positive and gravitational forces 
always attractive, gravitational effects do not 
cancel out in this way). Normally it takes spe¬ 
cial effort to produce a large scale separation 
of positive and negative charges in matter. 

Conductors and Insulators We are famil¬ 
iar with the distinction between conductors 
and insulators In a conductor we can have a 
flow of electric charge, that is, an electric cur¬ 
rent This is not possible in an insulator. We 
can understand these contrasting properties 
on the basis of the atomic nature of matter. 

In all atoms, the innermost electrons are 
more tightly held by the nucleus than the 
outer ones. Depending on the particular atoiri 
(or in some cases molecule), the latter can be 
removed with greater or less effort. It is these 
outer electrons, by rearrangement and trans¬ 
fer from one atom or molecule to another, that 
are involved in all chemical reactions. 

Materials are classified into conductors and 


insulators according to their ability to hold 
on to, or their affinity for, the outer electrons. 
The basic distinction is this: conductors al¬ 
low large scale movement of electric charges 
through them, insulators do not Examples 
of conductors are metals like copper, gold, 
aluminium etc; the earth, our bodies, damp 
wood; and electrolytes, which are solutions of 
salts or acids or alkalis in water. 

In a piece of metal, the outermost electrons 
do not stay attached to their atoms. Each 
atom donates one or more electrons to the 
material as a whole These electrons are then 
able to move throughout the material, with 
greater or lesser case depending on the par¬ 
ticular metal. In 1 cc of copper, for instance, 
there are approximately 10^ such mobile elec¬ 
trons! In most conductors the mobile charges 
are electrons, but in electrolytes both ions and 
electrons arc able to move. 

Imsulators are also called dielectrics. In 
them, each electron remains attached to its 
own atom, or molecule, and is not able to 
move away freely. Examples are nonmetallic 
solids, oils, glass, rubber, plastic, dry wood, 
paper, silk and wool. Electric charges placed 
upon in.sulaior.s are called static charges since 
they cannot move or drain away. 

The classification of materials into conduc¬ 
tors and in.sulators is not a very sharp one. 
Each i.Diiductor shows some resistance to the 
flow of charge, and each insulator permits 
some flow of charge But it is a useful and 
broad classilication. Fused quartz, for exam¬ 
ple, has 10^'^ times as much resistance to the 
flow of charge as copper, so it is a very good 
insulator indeed 1 

Semiconductors are materials whose prop¬ 
erties lie in between those of conductors and 
insulators. An example is silicon. Moreover 
the electrical properties of semiconductors de¬ 
pend on the temperature. We study these in 
some detail in Chapters 3 and 14. 

We can now understand better what hap¬ 
pens in frictional electricity. Whether we rub 
a glass rod with silk, or a rubber rod with 
wool, both materials must be insulators. 
The rubbing causes a transfer of electrons 
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from one to the other Compared to glass, 
silk has a greater affinity for electrons So in 
this case electrons are transferred from glass 
to silk As a result the former gets positively 
charged, the latter negatively We also see 
that to give a body a positive charge means 
to remove elections from it, and to give it a 
negative charge is to add electrons to it In 
the case of rubber and wool, the former has a 
greater affinity for electrons than the latter 

We can also see now the nt-ed for certain 
precautions in creating static electric charge 
by friction. Since our hands and bodies are 
conductors, we must not touch a charged 
body, or the charged portion of an insulating 
body, with our hands, If we did, we would 
drain away the accumulated charge, whether 
It is positive or negative For example, if an 
electroscope has been charged and the leaves 
have diverged, and we then touch the metal 
knob, the leaves will collapse! If we want to 
charge a copper or other metal rod, we must 
hold it by an insulating wooden or rubber han¬ 
dle, and not touch the metal directly 

Returning to the construction of the elec¬ 
troscope outlined in Section 1.2, it becomes 
clear why the rod connecting the knob on top 
to the leaves at the bottom has to be metallic. 
It must conduct electric charge from the top 
to the bottom. To avoid any leakage of charge 
away from the metal parts, the rod must be 
held in place in the electroscope by a support 
of nonconducting material likfc rubber or am¬ 
ber Both these are indicated in Fig.l 2 

Charging by induction. In Section 1.2 we 
saw how an electroscope can be charged by 
contact with a charged object. For instance, 
to give it a negative charge we touch the knob 
with a negatively charged rubber rod. Then 
electrons flow from the rod into the electro¬ 
scope, so it also becomes negatively charged. 
If we touch the knob with a positively charged 
glass rod, electrons would flow from the elec¬ 
troscope into the rod, leaving the electroscope 
positively charged. 

There is another indirect method of charg¬ 
ing an electroscope, called charging by 


induction. Here direct contact with the 
charged object is not needed. And, as we will 
now see, the charge on the electroscope turns 
out to be opposite in sign to that on the 
charged object' 

As illustrated schematically in Fig 1 .3, the 
steps are as follows; 

(a) We bring, .say, a positively charged glass 
rod near the knob of an uncharged electro- 
.scope, but not in contact with it (Fig.l 3a), 
Electrons are attracted from the leaves of the 
electroscope to the knob This makes the 
leaves positively charged, and they diverge, 
though as a whole the electroscope is neu¬ 
tral If we were to remove the glass rod now, 
the leaves would collapse as the eleelroscope 
would return to its original condition How¬ 
ever we now do something else. 

(b) Keeping the glass rod nearby, wc touch 
the knob (Fig 1 3b) Now, as wc have seen, 
our bodies arc conductor.s So llie positively 
charged glass tod will attract clc'ctrons in our 
fingers towards itself Sinre we are touching 
the knob, these electrons will flow onto the 
knob and join the electrons that had already 
collected there in the previous step (a) At 
this stage the electroscope has a net negative 
charge on it, 

(c) Now first remove the finger, then take 
away the glass rod. The net negative charge 
remains on the electroscope, and distributes 
itself all over, that is, on the knob and metal 
rod and leaves (Fig, 1 3c). The leaves will still 
diverge, but now carrying negative charge, un¬ 
like as in Fig, 1 3a 

We have ended up with a net negative 
charge on the electroscope, opposite in sign 
to the charge on the glass rod This negative 
charge was of course supplied during stop (b), 
os described above, when we were touching 
the knob. 

You may wonder why, in step (b) above, wc 
said there would be a flow of electrons from 
the finger to the electroscope knob, and not 
the other way around. After all, if more elec¬ 
trons have to reach the knob, would they not 
be repelled by the electrons already there? We 
have assumed however that there is enough 
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(a) 




(b) 



Figure 1.3: Charging by induction 


positive charge on the glass rod nearby to 
overcome this repulsion, and to cause addi¬ 
tional elections to move from finger to knob. 

This indirect method of charging by induc¬ 
tion is often more convenient than charging by 
direct contact with a charged body. You can 
try to reconstruct the steps by which, starting 
with a negatively charged rubber rod, at the 
end the electro.scope would have a net positive 
charge. 


1.5 Coulomb’s law and the coulomb 

Now we come to the detailed law of force 
between electric charges. This is called 
Coulomb's Law. It is the electrical analogue 
of Newton’s Law of Universal Gravilalion, 

Let two bodies have charges q\ and gj (in 
units which will be described soon). Let them 
be at rest, in vacuum, and separated by a dis¬ 
tance of r metres. We assume that the sizes 
of both bodies (their linear dimensions) arc 
.small compared to r. Then we may call them 
point c/iOJ’ges How do the electric force.s ex¬ 
erted by them on one another depend on their 
charges and their separation? These depen¬ 
dences can be described thus; 

Coulomb’s Law: The electric forces ex¬ 
erted on each other b;.' two point 
charges qi and q 2 , separated by a dis¬ 
tance r, are proportional to the prod- 
uct gjg 2 , and inversely proportional to 
the square of the distance of separation. 
They act along the line joining the two 
charges. These forces are attractive if 
q\q 2 Is negative (unlike charges), repul¬ 
sive if gigy is positive (like charges). We 
express these dependences by writing 

( 1 - 1 ) 


Foe 


We go into more detail below. 


★ The earliest experiments to lind the law of 
electric lorr^e were performed by Henry Cavendish 
(1731-1810) in England in 1772, but his results re¬ 
mained unknown till about sixty five years after his 
death The experiments whose results were first 
publicly announced were performed in France by 
Charles Augustin de Coulomb (1736-1806) around 
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1784-85 Even belcre these experiments, both 
Beniamin Franklin and Joseph Priestley had sus¬ 
pected that, like the force of gravity, electric forces 
too obeyed an inverse square law 

Coulomb's experiments used a torsion balance 
and small charged metal spheres The idea of the 
torsion balance was used later also by Cavendish 
in 1797 in his experiments to measure Newton's 
gravitational constant G. 

In Coulomb's time, there was yet no unit for 
measuring electric charges However he was 
able to obtain the q\q 2 dependence in the follow¬ 
ing clever way By touching a charged metallic 
sphere to another identical but uncharged sphere, 
he could divide the charge on the former into two 
equal parts Then by a repetition he could divide 
It into four equal parts, and so on With such 
changes in the quantity of charge on each body 
he could measure the resulting changes in the 
electric forces, and so arrive at the qiq^ depen¬ 
dence 

We said above that the charged bodies are as¬ 
sumed to beat rest If they are moving, then other 
(magnetic) forces are also present These forces 
are proportional to the velocities of the charges 
We study such forces in Chapter 5 and later Chap¬ 
ters For small velocities, compared to the speed 
of light which is approximately 3 xlO®ms“', these 
magnetic forces oan be neglected, and the elec¬ 
tric Coulomb force is the mam one. ★ 


Let us now express Coulomb’s law in a 
more detailed mathematical form Then the 
magnitudes and directions of the forces be¬ 
come clear Let the two point charges qj and 
g 2 i numbered 1 and 2 for convenience, be at 
points with position vectors rj and ra respec¬ 
tively (with respect to some origin 0), The 
vector leading from 1 to 2 is the difference 
between r 2 and t], and will be written as r 2 i. 
The distance of separation r is the magnitude 
of r 2 i. In detail; 

Position vector of charge qj is rj. 

Position vector of charge q-i is r 2 ; 

Vector from 1 to 2 = r 2 — rj = r 2 i| 

Vector from 2 to 1 = rj— r 2 = r ]2 = —r 2 i; 
Distance between 1 and 2 = r = |ri 2 l = |r 2 i|. 

(12) 



(c) 

Figure 1.4: Illustrating Coulomb’s Law 

These are shown in Fig. 1.4a drawn in a 
two-dimensional plane. Then the expression 
of Coulomb’s Law is this: 

F 21 = force on 2 due to 1 

— i. ''’21 

— ^9 I 

Fi 2 = force on, 1 due to 2 

= -r2i = fc ——. (1.3) 

Here is a positive constant. We see that 
Coulomb’s Law is in agreement with Newton’s 
Third Law of Motion: The electric forces 
exerted by two electric charges on each 
other are equal in magnitude and oppo¬ 
site in direction. 

(If, for simplicity, we consider the case 
where the charge qj is located at the origin 
O, then the vector ri is zero. If we then write 
r for the position vector of the other charge 92 , 
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the expressions for the forces become slightly 
simpler 


F 21 = force on 2 due to 1 

= A; 92 4, 

J..1 

Fj 2 = force on 1 due to 2 

r 

= -A 91 ® ^ ) 


The vectors r 2 i/r and Tn/r used in Eq. 
(1 3 ) are of unit length, that is, they are umt 
vectors. We write them for convcnienjcc as 
f 2 i and ^ 12 ^ 


f 21 = 


r 


= < unit vector pointing in 
the direction from 1 to 2 , 
ri 2 . 

ri2 = — = -r2i 
r 


unit vector pointing in 
the direction from 2 to 1. 


(1.4) 


These unit vectors, along with the sign of 9192 , 
fix the directions of F 21 and Fn respectively. 
The forces can be neatly written as 

*21 - «—r'*2ii 



( 15 ) 


and the factors giving the magnitudes and the 
directions are immediately clear. As shown in 
Figs 1 4 b,c and since A is positive, if 9192 > 0 
(like charges) the force on 2 is away from 1 , 
that on 1 is away from 2. They repel one an¬ 
other. On the other hand, if 9192 < 0 (unlike 
charges) the force on 2 is towards 1 , that on 
1 is towards 2 They attract one another. 


Example 1,1 1 A charged metallic sphere 
A Is suspended by a nylon thread. Another 
charged metallic sphere B carried by an insu¬ 
lating handle is brought close to A to a dis¬ 
tance of 9 0 cm between their centres The 
resulting repulsion of A Is noted (for exam¬ 
ple by shining a beam of light and measuring 


tJie deflection of Its shadow on n calibrated 
scTeen) Spheres A and B are touched by 
uncharged spheres C and D respectively. C 
and D are then removed, and B Is brought 
closer to A to a distance of 4 5 cm between 
their centres. What is the expected repul¬ 
sion of A on the basis of Coulomb’s law? 
Spheres A and C and spheres B and U luivc 
Identical sizes Ignore the sizes of A and 
B In comparison to the scparntlon between 
their centres. 

Answer I Let the original charge on sphere 
A be 9 and that on B be 9 '. At a distance 
r between their centres, the magnitude of the 
electrostatic force on each is given by 


neglecting the sizes of spheres A and B in 
comparison to r, When an identical but un¬ 
charged sphere C touches A, the charges re¬ 
distribute on A and C and, by .symmetry, each 
sphere carries a charge (q/2) Similarly, after 
B touches D, the redistributed charge, on each 
is {q'/2) If now the separation between A and 
B is halved, the magnitude of the elw'trostatic 
force on each is 

(r/2)2 r2 

Thus the electrostatic force of repulsion on 
A is unaltered. 


The coulomb' In what units are the charges 
91 and 92 to be measured? What is the value 
of the constant A? Since we are using SI units 
for mechanical quantities, the natural proce¬ 
dure would seem to be the following; Tlic unit 
of charge should be defined .so that two unit 
positive point charges exactly one metre apart 
repel each other with a force of one newton. 
If this were the definition of unit charge, we 
could conveniently'-^t fc = 1 , 

This is, however, not the way in which the 
SI unit of charge is defincdl The SI unit of 
electric charge is the coulomb, denoted by C. 
It is chosen to get a simple form for the mag¬ 
netic effects of moving charges, that is, for 
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the magnetic forces among charges in motion. 
(We will see this in Section 5 3 in Chapter 5) 
This is a convention we have to get used to. 

We can now say: if in Eq. (1.3) the charges 
are measured in coulombs and the distsince 
in metres, then the forces F 21 and Fj 2 will 
come out in newtons if for k we put in the 
experimentally determined value 

fc = 8 98755 X 10® NmVC^ (1.6) 

For most practical calculations the approx¬ 
imate value k ci 9 x 10® Nni®/C® is good 
enough. So for two point charges gi and 
a distance r apart we have: 

Magnitude of force ~ 9 x 10® x 

gi (coulombs) x g 2 (coulomb 8 ) 

—i- p-. --newtons 

[r(metrea)]'' 

(1.7) 

Sometimes the constant k is written as l/ATreo, 
and Co is called “the permittivity of the vac¬ 
uum". (This phrase will be explained in the 
next Chapter) For practical purposes we can 
take, to reasonable accuracy, 

A; = l/Arreo ! cq — 9x10“’® C®/Nra®(1.8) 


★ We may mention that, according to the most 
recent conventions lor time and length measure¬ 
ments, in SI units the combination 47r cq has the 
exact value (10®/c®) C®/Nm®, where c the speed 
of light in vacuum has the exact value 2 99792458 
X 10® m/s ir 


The charge of an electron can now be ex¬ 
pressed in terms of the coulomb. We can .state 
it in two equivalent ways 
Charge of an electron = e — 1.6 x 10“’® C, 
Charge of 6.2 x lO’® electrons = -1C. 

(1.9) 

If wc write “proton” in place of “electron" 
here, all the negative signs go awayl 

How large (or .small) by “everyday” stan¬ 
dards is one coulomb of c.harge’ Even on 
tlie macroij opir scale, the coulomb is an im¬ 
mense ar ^unt of charge. If we had two small 


charged bodies one metre apart, each cai 
ing one coulomb of charge, we see from 
(1.7) that they would repel one another v 
a force of about 9 x 10® N. This is an ev 
mous force in terms of daily experience, ] 
roughly equal to the weight of 10® kg of r 
ter on the earth, which is about the weigh 
thirteen million people! 

Why do we then still say that the couli 
IS a “reasonable" amount of charge, and 
it as the SI unit? It is because the magr 
effects of moving charges happen to be n 
weaker than electric effects for moderati 
locities of the charges, say a few m/s. 
will see this when we come to Chapter 5 
order that these magnetic effects may ap 
to have a reasonable magnitude in our e- 
day system of mechanical units, we ha' 
use such a large amount of charge as tl 
unit of charge. 

Comparing electrical and graviiat 
forces: Wc have mentioned already 
while gravitational forces arc always a: 
tive, electrical forces can be attractive i 
pulsivc since electric charges can be of 1 
sign. Both forces have an inverse squar 
tance dependence - this is common to 
ton's and Coulomb’s Laws. 

How strong are electric forces in co 
to gravitational ones? To compare thi 
can find the ratio of these forces betwee 
an electron and a proton. In this cast 
forces are attractive, and due to the co 
distance dependence the ratio is indepi 
of di.stance. We find, using ma c; 9 X 1C 
nip ~ 1 6 X 10"®®kg, G ~ Newton’s g 
tional constant ~ 6.7 x 10”" Nm®/kg 
the valuc.s of k and e given in Eq.s (l ( 
that: 

Hatio of electric force to gravitation! 
ho; ween proton and electron 

= ke?IGnifUip 121 2.4 x 10®®. 

This is dimcnsionle.ss and gives us sor 
how much stronger electric forces au 
hearted practical demonstration is Lhit 
plastic comb run through your h.tir o 
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day can lift a small piece of paper upwards, 
and thus overcome the force of gravity exerted 
by the entire earth on the paperl 

Notice that this fact - the far greater 
strength of electric forces compared to gravity 
- has nothing to do with the enormity of one 
coulomb of charge we described earlier. Here 
the ratio defined in Eq (1.10) is independent 
of our choice of unit of charge (or mass, for 
that matter). It just compares two distinct 
forces present in nature between electrons and 
protons which occur in nature. 

This enormity of electric forces as compared 
to gravity can be brought out in yet another 
illuminating way, due to Feynman. We have 
mentioned that bulk matter is practically al¬ 
ways electrically neutral. If now you stand 
at arm’s length from your friend, and instead 
of being precisely electrically neutral each of 
you had an excess of electrons over protons 
of just one per cent, the force of repulsion 
between you would, in Feynman’s words, “be 
enough to lift a "weight” equal to that of the 
entird earth!”. 


★ Verification and range of validity of 
Coulomb's Law - Polarization Direct verification 
of Coulomb's Law to great accuracy is not easy 
since It Is awkward to deal with point charges It 
IS more efficient to derive various consequences 
of Coulomb's Law, and then test them to great 
accuracy Thus our belief in the exact validity of 
this law IS in this sense somewhat indirect. In this 
way it has been experimentally checked that in the 
expression (1 7) for the magnitude of the electric 
force, the power of the distance In the denomi¬ 
nator IS within the limits 2 x (1 ± 10“®) So we 
do have an inverse square law to extremely high 
accuracy. 

From other evidence we also know that the law 
works all the way from separations of.the order 
of 10~ m (within the nuclei of atoms) to macro¬ 
scopic distances of several kilometres, Thus the 
dependence on distance has been checked over 
some 18 orders of magnitudel 

This inverse square distance dependence 
means that electric forces aro stronger at closer 
distances between charges. This qualitative fea¬ 
ture helps us understand a feature of frictional 
electricity not mentioned earlier Suppose you 




(b) Polarized atom 


Piguie 1.6: Illustrating polarization of utoma m 
an insulator The figure i.s not to scale 

bring a positively charged glass rod near a small 
piece of paper The. latter is attractod and flies 
towards the rod. But once it touches the rod. 
It gets repelled and flies away' VVliy does this 
happen? 

The reason is as follows Paper being an in¬ 
sulator, there are no tree mobile electrons in it 
Normally within each atom there is the cloud of 
negative electrons on the outside, and the posi¬ 
tive nucleus at the centre This is shown in Fig 
1 5a where for simplicity we have pmtured the 
electrons as travelling in orbits even though, as 
we said earlier, they are actually smeared out into 
a cloud, But when the positively charged glass 
rod IS brought nearby, in each atom the electrons 
are attracted towards the rod while the nucleus 
IS pushed away - see Fig. 1.5b. This distortion 
of each atom in the presence of the glass rod 
is called polarization - we study it in more de¬ 
tail in the next Chapter While each atom as a 
whole remains neutral, the attractive force on the 
electrons is stronger than the repulsive force on 
the nucleus, since the former are on the average 
closer to the glass Each atom in the paper thus 
feels a net tiny attraction towards the rod. The 
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cumulative effect on all the atoms is a sizeable 
force, making the paper fly towards the rod 
However, once the paper touches the rod, some 
of the charge on the latter passes into the former 
as well In this case actually some electrons are 
transferred from paper to glass Then the paper 
gets a net positive charge, just like the glass 
While the attraction due to polarizat'on continues, 
normal coulomb repulsion of like cfiarges is now 
also present The latter overcomes the former, 
so the paper flies away If instead of the glass 
rod a negatively charged rubber rod had been 
used, you can convince yourself that once again 
polarization causes initial attraction of paper to 
rod, then there is repulsion 
Polarization of a dielectric is involved in an¬ 
other context too In stating Coulomb’s Law it 
was assumed that the point charges are in vac¬ 
uum What happens if Instead they are m air or 
some other dielectric substance, say oil? Then the 
two given point charges cause a polarization of 
the atoms and molecules in the dielectric around 
them 1 he net effect is that the force between the 
point cha''ges is reduced by a certain factor com¬ 
pared to what It would be in vacuum This factor 
depends on the dielectric, and for air it is very 
nearly unity to within one part in two thousand 
Practically, then, Coulomb's Law may be used as 
It stands for point charges in air rather than in vac¬ 
uum We study these aspects somewhat further 
in the next Chapter ★ 


1.6 Superposition principle - electric 
fleld 

The superposition principle- Coulomb’s 
Law gives the magnitude and directions of the 
forces that two point charges (situated in vac¬ 
uum) exert on one another. What if we have 
several charges, say qi,g 2 ,qs--- af points Pj, 
P 2 | Pa. in space? What is the total force 
on the charge qj, say, due to all the other 
charges 921 93 i • • •? The answer is very simple 
We first use Coulomb’s Law for the force F 32 
on 9 ] due to 92 alone, ignoring all the other 
charges; then for the force F13 on 91 due to 93 
alone; and so on Finally we add these indi¬ 
vidual force vectors to obtain the total force 



Pigme 1,6: Force on one charge due to many 
others 

on 9 i as shown in Fig. 1 6 

total electric force on 91 
due to 92 , 93,. • 

= Fi 2 -p Fi3 -P 

Fi 2 = force on 91 due to 92 alone, 

Fia = force on 91 due to 93 alone,,,. 

(Ill) 

This rule is called the superposition prin¬ 
ciple. It is just like the parallelogram law of 
forces in mechanics: to find the resultant or 
total force on a body on which many forces 
act, we have to add the individual forces vec- 
torially. In the present case, all the forces 
considered are electric in origin. And the im¬ 
portant point 13 that the farces with which 
two charges attract or repel one another 
are not affected by the presence of other 
charges. 

To find the total force on charge 92 at posi¬ 
tion P2 (or 93 at P3, etc.), we follow an exactly 
similar procedure 

F 2 = total force on 92 due to 91 , 93 ,.., 

= F 71 -p r23 4-... I 

F 21 = force on gs due to 91 , 

F 23 = force on 92 due to 93 ,.,. ( 1 - 12 ) 

In both Eqs (1 11,1.12), for each individual 
contribution we must use Coulomb’s Law. 

Let us illustrate this with a very simple ex¬ 
ample. Suppose charges 91 = 92 = 9 , 93 = —9 
are at the corners of an equilateral triangle of 
side I, as in Fig. i.7 We have chosen a sim- 
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73=-9 



Figure 1 . 7 : Illustrating the Superpositiou Princi¬ 
ple 

pie geometrical arrangement, and equal mag¬ 
nitudes for the charges, to simplify the situ¬ 
ation as much as possible. For each pair the 
forces of attraction or repulsion have the same 
magnitude, say F = only the direc¬ 

tions change. The charge q-[ = q\s repelled by 
92 = q and attracted by 73 = -g, each with 
magnitude F. We can then see by vector ad¬ 
dition that the total force Fi on qi is as shown, 
and it also has the magnitude F, On the other 
hand, 93 = —9 is attracted towards 91 as well 
as 92 ; so the total force F 3 on it is vertically 
downwards as shown. Using the method pf 
components for finding the resultant, its mag¬ 
nitude is IF 3 I = 2F cos 7 r /6 = \/3F. 


★ We can express Eq (111) (or the total force 
on charge 9 ] in terms ol the position vectors ot 
the various charges Let 91 be at ri (the position 
vector ot the point P,), 92 at r 2 , 93 at rs etc. 
Then using Eq, (1 4) we can write: 


Fi2 

= force on 91 due to 92 


1 7172 . 


47reo rfj 

Fi3 

= force on 91 'ue to 93 


_9i73 . 


47reQ rfj '' 

Fi 

= total force on . 


= F 32 -F Fi3 +,, 



Figure 1,8: Directions and distances to under¬ 
stand Eq (1.13) 


dTTCo V r^2 


( 9i92. , <71 73 . . 

' -r]2 d- 2 “ *^13 + 


(1.13) 


Here ri 2 is the distance between 91 and 92 , while 
ti2 IS the unit vector pointing from 92 towards 91; 
and so on Fig 1 8 will help you understand the 
situation it: 


We can say, by way of recapitulation, that 
there arc three important physical facts con¬ 
veyed by Coulomb's Law of electric forces: 

(i) For each individual pair of charges, 
there is a 1/r^ dependence on the sepa¬ 
ration. 

(ii) For each pair there is a dependence 
on the product of charges, with repul¬ 
sion for like charges and attraction for 
unlike ones. 

(iii) For many charges, the force on any 
one is found, as a vector sum, by the 
superposition principle. 

Properties (i) and (ill) hold for gravity as 
well, with charge replaced by maas. 

T/k, elpctnc field. Coulomb’s Law describes 
the forces between charges in the spirit of “ac¬ 
tion at a distance’’. However far apart they 
may be, charges affect one another acrass the 
distance separating them. This is similar to 
gravity acting between point masses. 

We can however view the situation slightly 
dilferently by introducing the concept of the 
electric field. Instead of saying that the ef¬ 
fect of a charge 91 on another charge 92 is given 





ELECTRIC FORCES, CHARGES AND FIELDS 


17 


in a single step by Coulomb’s Law, we break 
it up into two steps: First, the charge g\ cre¬ 
ates a field at all points of space around it; sec¬ 
ond, this field acts on the charge qt, whereever 
it may be located, and gives the force on it due 
to Q]. Reversing the roles of the charges we 
also say: 92 creates an electric Reid around it¬ 
self; this then acts on 91 and gives the force 
on 9] due to 9 j. 

Let us now deRne the electric Reid in a gen¬ 
eral situation Suppose some arrangement of 
charges is given, say 91, 92, 93,... at positions 
Pi I Pji Psi ■ ■ ■ in space. These are called the 
sources of the electric Reid. At a general 
point P in space, the electric Reid produced 
by them is defined to be the force experienced 
by a unit positive “test” charge placed at P: 
Electric field at point P in space = £ at P 

= force on -hlC of charge placed at P, 
due to 9i at Pi, 94 at Pj, 93 at P3, ■ • • 

(1,14) 

Of course we know that IC of charge is an 
enormous amount. What we actually want in 
defining the electric field is the force per unit 
charge. So we may place a small test charge 
go, say, at the point P and measure the force 
F on it. Then we get the electric field at P as 
the ratio F/90 (See Fig. 1 . 9 ); 

F = total force exerted by 

91193) 93 ■ • ■ (sources) on test 
charge 93 at point P 

£'= electric field at P 

= F/go. ( 1 . 16 ) 

It is now seen that the unit for electric field 
is newton per coulomb. For convenience we 
assume 93 to be positive, so F and E have the 
same direction. 

The electric field has two important prop¬ 
erties ; (i) it is independent of the amount 
of charge 90 used as test charge; (ii) it also 
obeys a superposition principle. Let us see 
why. According to the superposition principle 
for electric forces, the total force F on the test 


9, at P, 



Figure 1.9: The electric field at a point due to 
given sources 

charge 90 is the vector sum of many contribu¬ 
tions: one due to 91 , another due to 92 , and 
so on for each source charge. Each contribu¬ 
tion is calculated using Coulomb’s Law and 
ignoring other source charges. But in each 
contribution 90 appears as a multiplying fac¬ 
tor. Therefore in the ratio F/90 there is no 
depicndence left on 90 at all! We can turn Eq 
(1.15) the other way around and also say: 

E = electric field at point P 
in space => 

F = force on any charge 90 

placed at P = ^E. (l-lfi) 

As for the second property, it also follows 
from the force F being a sum of terms, one 
due to each source charge. So after dividing 
by 93 the same must be true of £ as well; 

E = electric Reid at point P due to 
91 at Pi,92at P 2 ,... 

= electric field at P due to 9 ] alone, 
plus electric Reid at P due to 94 
alone, plus .. (1.17) 

This is what we mean by saying that I elec¬ 
tric field also obey.s a superposition principle. 
The sum here is of course a sum of vectors. 

We may combine the ideas leading to Eqs 
(1.16,1.17) and .my in one sentence: the elec¬ 
tric field at j. point depends only on the 
sources, and not on the test charge; it is 
a (vectorial) aiun of contribution.s, one from 
each source charge. 

We will soon look at some simple exam- 
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pies of the electric field produced by various 
sources. But the idea is so iniportant that it 
may be helpful to make a few more'descrip¬ 
tive remarks Given the source charges and 
their locations, we can imagine placing our 
test charge go at various points P in space, 
one after another. Using the ratio definition 
(1 15) we then get both the direction and the 
magnitude of the electric field at all points of 
space (avoiding the locations of the sources!). 
To say that there is a nonvanishing electric 
field at a certain point simply means that if 
any charge were placed there, it would expe¬ 
rience a force, and would accelerate. This is 
all that the electric field represents. It is just 
a convenient way of knowing in advance what 
electric force would act on a charge go if it were 
placed in various locations - no more and no 
less. • 

An electric field is said to be uniform in 
a certain region of space if both the direction 
and the magnitude of E are the same at all 
points there. Otherwise, it is nonuniform. In 
a nonuniform field, either the direction or the 
magnitude or both vary from point to point. 


★ The Idea o( the electric Held is similar in spirit 
to that of the gravitational field. There too the 
field IS a replacement for an action at a distance 
description When we study the motion of bod¬ 
ies near the earth, say, the gravitational effect of 
the earth is represented by its gravitational field 
This IS just the gravitational attraction exerted by 
the earth on a unit mass Therefore the units for 
gravitational field are force per unit mass, or ac¬ 
celeration, ms“^ As we know, close to the earth’s 
surface, over a sufficiently small portion ol it, this 
IS a constant field pointing vertically downwards, 
with magnitude g cn 9.80 ms'*, 

It IS to Michael Faraday (1791-1867), and later 
to James Clerk Maxwell (1831-1879), that we owe 
the development ot the ideas of electric and mag¬ 
netic fieids These are indispensable lor the un¬ 
derstanding o| electromagnetism In this Chapter, 
we have introduced the electric Held Imagining a 
static situation This mea' s the sources do not 
move, and at each point , space the electric field 
does not change in the course ol lime In later 
Chapters we will have to consider more general 
situations, where the Held does vary with time 


The electric field has been defined in Eq (1 15 ) 
as the ratio of force F to test charge gu In some 
situations it becomes necessary to view this as a 
limiting process Suppose, for example, that the 
sources consist partly Ol charges on conductors 
If we now bring a test charge go io a point P, it 
will exert a force on the source charges, il located 
on conductors, they may then move! Thus the 
process ol bringing a test charge to point P to 
measure the field there cjianges the very thing we 
wish to measure' One way out is to imagine using 
smaller and smaller test charges, then we deline 
the field as a limit as go tends to zero 

F 

E at P = lim —, 
w—0 go 

F = force on charge go at P. (1.18) 

The idea is that by reducing go gradually to zero, 
we continually dimmish the disturbance it causes 
on the sources 

There is however a catch in this argumanti 
We know that in nature charge is quantized. 
The smallest nonzero amount of charge is e ~ 
1 6 X 10“’®C. So In fact we are not able to let 
the test charge go of Eq (1.18) approach zero 
continuously Only In large scale or classical sit¬ 
uations. where the quantization of charge may 
be ignored, can we adopt the limiting procedure 
(1 18) to define the electric Held. ★ 


Exmmplc l.Bi An electron falls through 
a distance of l.B cm in a uniform electric 
field of magnitude 20 x 10 ^ NC"' [Fig a]. 
The direction of the field Is reversed keeping 
Its magnitude unchanged and a proton falls 
through the same distance [Fig b] Com¬ 
pute the time of fall in each case Contrast 
the situation with that of 'free fall under, 
gravity’. 

Answer I In (a) the field is upwards, so 
the negatively charged electron experiences a 
downward force of magnitude eE where E is 
the magnitude of the electric field. The accel¬ 
eration of the electron is, 

oe = cE/m^ 

where me is the mass of the electron. 
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which IS enormous compared to the value of g 
(=9.8 ms”^). The acceleration of the electron 
is even greater. Thus the effect of acceleration 
due to gravity can be ignored in this example. 


(a) (b) 

Starting from rest, the time required by the 
electron to fall through a distance h is given 

by 



fore = 1 602 x 
me = 9'110 X 10~^'kg, 


E = 20 X 10‘'NC-’, 
and h = 1.5 x 10~^m, 
te = 2 9 X 10~®s 

In (b), the field is downwards, and the posi¬ 
tively charged proton experiences a downward 
force of magnitude eJS. The acceleration of 
the proton is, 

Op = cE/iTip 

where mp is the mass of the proton; mp 
= 1.673 X 10'*^ kg. The time of fall for the 
proton is 



Thus the heavier particle (proton) takes a 
greater time to fall through the same distance 
This is in basic contrast to the situation of 
‘free fall under gravity' where the time of fall 
is independent of the mass of the body. Note 
that in this example we have ignored the ac¬ 
celeration due' to gravity in calculating the 
time of fall. To see if this is justified, let us 
calculate 


eB 



(1,602 X 10-i®C) X (2 0 X 10^ NC~') 
1,673 X 10-27 kg 
?= 1,9 X lO'^ms-* 


Examples of Electric Fields; The simplest 
example of an electric field is that produced 
by a single point charge Let it be positive, 
and of amount q. Suppose we bring a test 
charge go (also positive) to a distance r from 
q It will be repelled with a force of magni¬ 
tude go 9 / 4 irfor 2 , in the direction away from 
the source q. Divide this force by qq, the 
amount of test charge We find that the elec¬ 
tric field at a distance r from q has magni¬ 
tude q/Anfor^, and points directly away from 
q This is shown in Fig 1.10a 

The field exists at every point in three- 
■' dimensional space, but we can only give a two- 
dimensional picture of it. This is shown in 
Fig 1.10b. The positive source q is at the 
centre. At all points distance r away, the field 
has the magnitude q/Aireof^. At each point 
its direction is radially outwards from q. As 
the distance r increases, the magnitude de¬ 
creases as l/r*. So, twice as far away the field 
is one-fourth as strong; three times as far away 
means one-ninth as strong; and so on, 

In Fig. 1,10b we have drawn arrows at a few 
points, to give an approximate idea of the field 
at each point. These arrows, always pointing 
away from q, get shorter and shorter as we go 
farther away from q. 

Suppose the source charge q is negative. 
Then the positive test charge qo is attracted 
towards q. So at each point the electric field 
vector points radially inwards , This is shown 
in Fig. 1.10c. 

We can find a simple expression for this 
electric field of a single charge. Let r be the 
vector (in three dimensions) from g to a gen¬ 
eral point P where we place our teat charge 
go. (See Fig. 1 10a). Then Coulomb’s Law 
gives us: 

T = force on test charge go at point P 

= _1_ M £ ^ 

47reo r2 r 
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T 

9 > 0 

(b) 

* ^ I / > 





i 

9 < 0 
(e) 

Figure 1.10: Electric field of e point chmige 





Figure 1.11: Electric field of two chergee of op¬ 
posite signs 


E = electric field vector at P due to 


point charge g 

F_r 

go ~ 4weo r* r ' 


( 1 . 19 ) 


The sign of q, positive or negative, determines 
whether E points away from, or towards, the 
source q 

As another example, take two point charges 
gi and qj. Suppose gi is positive and qj Is 
negative. To find the field at a point P, we rue 
the superposition prindpie. Draw the electric 
field vector at P due to alone, then that 
due to qj alone. Then add these two vectors 
to get the total field at P. In Fig. 1.11 we have 
shown a picture of this. At the point marked 
P, the two Individual fields markri Ej and Ej 
add by the parallelogram law to give the total 
field E. The field Ei caused by gi is in the 
direction gi to P; Ej caused by qt points in 
the direction P to gt. At a few other points 
the field vectors are marked by arrows to give 
an approxbnate idea of the nature of the field. 


Bzauipl* l.Ei IVro point charges gt and 
q2 of -)- 10 "*C and — 10 ''*C reapeettvely are 
placed 0.1 m apart. Calcnlate the electric 
fields at points A, U and C ahown m the 
figure ' , 


Answer t The electric field vector £i at A 
due to the positive charge gi points towards 
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H-M- ttt -H 

0.06 m 0.05 m o.05 m 


th^ right and it has a magnitude 
R = P X 10»Nm«C^>) ^ 

= 3.6 X 10‘'NC"'. 

The electric field vector Ej at A due to the 
negative charge gj points towards the right 
and it has a magnitude 

= (9 X lO^Nm^C-*) 

' ' (0.05m)» 

= 3.6 X 10^NC“'. 

Magnitude of the total electric field at A 

Ea = El + Eh = 7.2 X lO^NC-' 

Eyt is directed towards the right. 

The electric field vector Ei at B due to the 
positive charge qi points towards the left and 
it has a magnitude 

El = {9 X 10» Nm^C-*) 

' ' (0,05m)2 

= 3.6 X lO^NC"'. 

The electric field vector Ej at B due to the 
negative charge qi points towards the right 
and it has a magnitude 

= (9 X 10® Nm® C-®) 

' ’ (0.16 m)> 

= 4 X 10® NC"‘. 

Magnitude of the total electric field at B 
Eb = 3.2 X 10^ NC"* 

Eb is directed towards the left. 


The magnitude of each electric field vector, 
at point C, of charges 91 and 9 j is 

El = Ei = (ax 10® Nm®C-®) 

= 9 X 10® NC"®. 

The directions in which these two vectors 
point are indicated in the figure. The resul¬ 
tant of these two vectors is 

Ec = J?! cos ^-I-£^2 cos I 

= 9 X 10® NC"’ 

Vector Ec points towards the right. 


•k In Eq (1 13) we have an expression for the 
total force on a charge gi due to other charges 

92. Think of qi as our test charge, and 
suppose there are only two other charges, 92 and 

93. Divide the total force Fi acting on 91, by the 
charge 91. Then we get the electric field vector at 
position ri due to two source charges, 92 at r2 
and 93 at rs. 

Electric field at rj = 


-1 -5" fiJ + “5" fn I 

47reo Wii r?3 J 

ri2 = distance Irom ri to r2, 

fi2 = unit vector Irom r2 to ri, 


ri3 = distance Irom rj to rs, 

fi3 = unit vector from r3 to rj. (1.20) 


If we have more point charges producing the field, 
we have more contributions ot the above forms 

★ 


Continuous charge distributions: So far we 
have considered electric fields due to point 
charges. There are however cases where we 
have to deal with continuous distributions 
of charge. Here we ignore charge quantiza¬ 
tion. We assume the total amount of charge 
involved is very much greater than that on a 
single electron or proton. 

With such charge distributions we generally 
have to use the methods of integral calculus 
to find the electric field. We will not study 
such methods in any detail. Nevertheless it 
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is useful to describe some simple examples of 
such charge distributions, since the ideas are 
quite easy to grasp. In a few cases, the electric 
field that is produced will also be described 
without derivation. 

Let us first look at one-dimensional exam¬ 
ples. The simplest is a thin straight line or rod 
along which charge is uniformly distributed. 
So we have a constant charge per unit length, 
or charge density, say A coulombs per metre, 
a Cm”^. This is shown in Fig. 1 12a. Another 
example is a circular ring of radius R metres, 
say, with a total charge of q coulombs dis¬ 
tributed uniformly over it. The charge den¬ 
sity then is q(2-rR Cm“^ These are illus¬ 
trated m Fig 1 12a|b. Now let us come to 
two-dimensional cases. Again the simplest is 
a uniform plane sheet of charge, with a con¬ 
stant charge per unft area, say cr coulombs 
per square metre, or eCm”^ This is shown 
in Fig. 1.12c Another simple example is the 
surface of a sphere of radius R metres, say, 
over which a total charge of q coulombs is 
spread uniformly Then the charge density 
is q/^rtR- Cm"^. This is illustrated in Fig 
1 .12d. 

Our last example is in three dimensions. 
Again we take a sphere of radius R metres, 
and spread a total charge of q coulombs uni¬ 
formly inside it. We now have a constant 
charge per unit volume. The charge density 
is g/(4/3nR?) Cm"^. This is depicted in Fig. 
1.12e (to be carefully distinguished from Fig 
1 .12dl). 

In each example, depending on the dimen¬ 
sions, we see that the units for charge density 
are different. Cm~' or Cm“* or Cm”® as the 
case may be. Moreover, in each of the cases 
illustrated, the charge density could be nega¬ 
tive rather than positive. 

To obtain the electric field produced by 
these (or other) continuous charge distribu¬ 
tions, the idea we use is the following. We 
imagine dividing the source into a large num¬ 
ber of small elements. Then we use Coulomb’s 
Law to find the field at a given point due to 
each element. Finally we add up all these con¬ 
tributions vectorially to get the total field. It 


u 
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Charge density = 
A coulombs per 
metre 


(a) 


Straight line of charge 


Figure 1.12 a 


Total charge q C 



(b) Ring of charge 
Figure 1.12 b 



(c) Plane sheet of charge 
Figure 1.12 c 
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IS in this last step that integral calculus is usu¬ 
ally needed. 



Total charge q C. ^ 
surface density = ——s Cm'^ 

(d) Spherical surface of charge 
Figure 1.12 d 



Total charge q C. „ 

Volume density = \^q j "g Cni'^ 

(e) Solid sphere of charge 
Figure 1.12 e 

Figure 1.12: Continuous charge distributions - 
examples 

We will not present these details here. Nev¬ 
ertheless in a few cases it is worth describing 
the field because it is rather simple. In the 
next Chapter we will indicate a way by which 
these results may be found. 

Let us first take the cases of the straight 
line and the plane sheet. In both cases for 
simplicity we assume the charge distribution 
is infinite in extent, in length or area as the 


case may be, and the charge density is pos¬ 
itive. (This is unphysical since it means the 
total charge is infinite, but it leads to simple 
results for the fields. The alternative is to ask 
for the fields only at points very close to the 
line or the plane, in comparison to the linear 
size of the source). Then the field due to the 
line of charge is everywhere perpendicular to 
the line, pointing radially away, and inversely 
proportional to the distance from the line: 
Field due to infinite straight line, of uniform 
charge density A, at perpendicular distance r 
away = 

-, radially outwards (1 21) 

27reo r 

This is shown in Fig. 1.13a. For the plane 
sheet the result, shown in Fig. 1 13b, is even 
simpler: 

Field due to infinite plane sheet, 

of uniform charge density a 
= uniform on each side of plane, 
perpendicular to and away from 
plane, magnitude cr/2eo. (1.22) 

You can see that in these two expressions, 
the dimensions of the charge densities are just 
right to give the dimension NC“^ to the field. 
If the density is negative, we simply reverse 
the direction of the field. 

For a uniform spherical surface layer, or a 
solid sphere, of radius R, the total charge q 
is finite. In both cases, at all points outside 
the sphere, the field is the same as that pro¬ 
duced by a point charge q at the centre of the 
spherel This important result is indicated in 
Figs 1.13c. 

Field due to uniform spherical surface layer, 
or uniform solid sphere, of radius R and total 
charge q, at distance r from centre of sphere 
{r>R)== 

g 1 r outwards if g > 0, 

47 re(, r* y | inwards if g < 0. 

(1.23) 

•k The results described above require Integral 
calculus for their derivation There is however 
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Figure 1.13: Electric fields of some continuous 
charge distributions 



Figure 1.14: Field of ring of charge at points on 
axis 


one case - a uniform circular ring of charge - in 
which at special points we can find the field using 
elementary arguments. We present the derivation 
for this case 

The situation is illustrated In Fig. 1.14 Assume 
the charge density A = g/ 27 rJ? is positive. Take a 
point P on the axis, distance I from the plane of the 
ring A small portion of the ring at the point A, of 
iength 6s, has charge A6s. It produces an electric 
field at P as shown A similar portion of the 
ring at the diametrically opposite point A', of the 
same length 6s produces the field E^<, We can 
see that the components of and E^/ along the 
axis add up, but their perpendicular components 
exactly cancel. This happens for each pair of 
diametrically opposite portions of the ring 

We see then that the total field at P is along the 
axis, and is the result of adding such components 
due to all portions of the ring Further the angle 
0 as shown is the same all over the ring. So we 
can easily get the total field. 


Component of parallel to axis 


1 A6a 
47reo r* 


cos^ 


1 A I 

dTieo (J?*+ P) {IP+pyp 


6 a; 


Total field at P 

1 A i „ „ 

47reo(iP+i2) {IP+ 12)1/2 

= along the axis. 

(1.24) 


We see that because of the simple geometry, 
and cancellation of components perpendicular to 
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the axis, we can get this result easily (K the point 
p were not on the axis, we could not have avoided 
use of integral calculusI] At the centre of the ring, 
I = 0 , the field vanishes. Here the fields due to 
diametrically opposite portions ol the ring cancel 
completely. ★ 


1.7 Lines of force 

In the examples of electric fields given in the 
previous Section, vre drew pictures with ar¬ 
rows representing the field vectors at a few 
points. These pictures give us some idea how 
the field changes from point to point in space. 






Figure 1.16: Lines of force for single point charge 

There is another way to convey the general 
features of the electric field produced by given 
sources. This is based on the idea of electric 
lines of force. A line of force is a line drawn 

I 



Figure 1.16*. Lines of force for two poaitive 
charges 9 i > gj > 0 



Figure 1.17: Lines of force for two equal and op¬ 
posite charges g, —g 

in such a way that at each point on it the 
tangent is in the direction of the electric field 
there. So a line of force carries a definite sense 
or directidn along it. 

In general the direction of the electric field 
vector changes from point to point. There¬ 
fore lines of force are, generally, curved lines. 
Even though lines of force are to be drawn in 
three dimensions, we aiie limited to drawing 
pictures in two dimensions. We will therefore 
only look at simple enough situations where 
two-dimensional pictures are adequate. In the 
special esse of a field which is uniform in a re¬ 
gion of space, the lines of force become parallel 
straight lines. 

Lines of force are drawn to help *^ap out 



26 


PHYSICS 



the field" and get a feeling for the electric field 
in any situation. We have to choose how many 
lines we wish to draw. In that sense, they are 
imaginary lines They give us partial qualita¬ 
tive information about the field 
Let us now look at some examples of lines 
of force for simple cases, and later describe 
their general properties. For a single positive 
point charge q, the field vectors point radi¬ 
ally outwards everywhere. So the picture of 
lines of force, drawn in any plane containing 
the charge, looks as In Fig 1 15a In case q 
is negative, the arrows on these lines of force 
must point inwards as in Fig 1.15b. At this 
point you must compare these figures of lines 
of force with Figs 1 10b,c which show the elec¬ 
tric field vectors in these two cases Notice 
also that these lines of force are straight lines, 
though they are not parallel as they would be 
for a uniform field. 

Next let us look at the example of two pos¬ 
itive point charges qi > q 2 > 0 The lines 
of force are shown in Fig 1 16, We do get 
a strong feeling that the charges are pushing 
one another apart! 

Lastly let us look at two equal and opposite 
charges, q and —q placed a certain distance 
apart Now the lines of force are strikingly 
different from the previous case of two positive 
charges, and are shown in Fig. 1.17 This 
picture conveys strongly the idea of attraction 
between the two charges! 


and applied them to both electricity and mag¬ 
netism, depended a great deal on such pictures 
to guide him in his discoveries In fact the vec¬ 
tor nature of electric and magnetic fields was not 
fully appreciated by him, and he relied much more 
on ideas based on lines ol torce He was quite 
nonmathematical in his approach, and had a very 
powerlul intuitive way of thinking The complete 
system ol equations ol electricity and magnetism, 
found by Maxwell in 1865, have to be written in 
terms of the vectors E and B, not in terms ol 
lines ol force This shows the limitations ol the 
latter 

You may wonder how we might actually draw, 
or construct, a line o( force We describe it briefly, 
Take any point P in space, and let the electric 
(leld vector there be E. Move from P by a very 
small distance in the direction o( E, reaching a 
nearby point P' Let the electric field at P' be E', 
Then move from P' in the direction ot E', to a 

nearby point P" And so on from P" to P'".in 

the direction ol E",,.. By bringing these points 
closer and closer, we ultimately get a continuous 
curve starting out at P in the direction of E The 
construction is indicated in Fig 1,18 

This method ensures the basic requirement’ at 
each point the tangent to the line of force is In the 
direction of the electric field there Starting from P, 
we can also go backwards In the direction of -E, 
and continue that way, So the line ot force extends 
on both sides ot the starting point R By now you 
see' you could have taken any point on the line of 
force as starting point, and the aboVe procedure 
would allow you to build it up completely 


★ It IS an important historical fact that Michael 
■ Faraday, who invented these ideas ol lines of force 


We have already said that at each point on 
a line of force the tangent is in the direction 
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Region of 



Figure 1 . 19 : Density of lines of force ss propor¬ 
tional to strength of field 

of the electric vector there Here are some 
other important properties which are simple 
and easy to grasp, so we give them here in a 
descriptive way 

(a) Two lines of force cannot cross at 
a common point. For if they did, we 
would have two different directions for 
the electric field at that point, which is 
not possible! 

(b) Once we have drawn a set of lines 
of force, their density, or relative close¬ 
ness or thinness, indicates the strength 
of the electric Held at various places. 
Linos of force crowd near each other 
where the held is strong, and move far 
apart where it is weak. This is seen 
in Figs 1.15-1.17. We can say: if at 
some point we imagine a small element 
of area drawn perpendicular to the lines 
of force there, the number of lines of 
force cutting the area element is pro¬ 
portional to the magnitude of E there, 
as illustrated in Fig. 1.19. 

(c) As long as we consider fields which 
are static, that is, which do not change 
with time, lines of force start at positive 
charges and end at negative ones only 
(in some cases they may start or end at 
infinity). 

(d) Lines of force are continuous and do 
not have breaks in them. 


★ In the examples given, we could draw pic¬ 
tures o! lines of force in a plane This is because 


in these cases each line of force indeed lies in 
some plane But in more general cases each line 
of force may wind around in three-dimensional 
space, and not lie in any plane at all Then we 
would be unable to draw any two-dimensional pic¬ 
tures! 

Here is another interesting point, what happens 
If there is a point Pq at which the electric field 
vanishes'!’ This is so lor example in the case of 
two positive charges Illustrated in Fig 116 Since 
we assumed 91 > 72 > 0, the point Pq is on the 
straight line joining 7, to 72, nearer to 72 than to 71, 
Whenever the field vanishes at a point, Pq, there 
IS no line of force passing through Pq. Lines of 
force nearby Pq avoid that point' ★ 


1.8 Electric dipoles 

An electric dipole Is a pair of equal and 
opposite charges, 7 and — 7 , separated 
by some distance, 2a. In this Section we 
study some properties of dipoles 

Why are dipoles interesting and important? 
In Section 1.5 we described the phenomenon 
of polarization When a dielectric is placed 
in an electric field, within each atom (or 
molecule) the positive nuclei and the nega¬ 
tive electrons are pulled in opposite directions 
and get slightly separated Their charges are 
of course equal and opposite. Thus in effect 
each atom or molecule becomes a tiny dipole 
(if it was not already sol). Many electrical 
properties of dielectrics can be understood on 
this basis Dipoles are important in our un¬ 
derstanding of magnetism too, as we shall see 
in Chapters 5 and 6 . (Those are of course 
magnetic dipoles). 

We must look at two aspects of dipoles, 
namely : the nature of the electric field cre¬ 
ated by a dipole; and the forces (and torques) 
that act on a dipole if it is placed in some 
electric field. 

The field of a dipolf. Let us take up the first 
aspect. Fig. 1 17 already gives us some idea 
of the field due to a dipole. We can find the 
magnitude and direction of the electric field 
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Dipole axis 



Figure 1.20: Dipole electnc field at points in 
equatorial plane 

vector at some points quite easily. As illus¬ 
trated in Fig. 1.20, let the point P be in the 
equatorial plane of the dipole, at a distance 
r from the centre of the dipiole. (The axis of 
the dipole is the direction from the negative 
to the positive charge; the equatorial plane 
is perpendicular to the axis and contains the 
centre) The electric vectors E+ and E_ at P, 
due to the charges q and -q (always here q is 
positive), are as shown. They have equal mag¬ 
nitudes, and their vector sum is easily seen to 
be opposite in direction to the dipole axis. 

Dipole electric field at 
points in equatorial plane 

= 2 -^- —jcosd 

A'K€aa‘‘ + r' 

_ 20 ^ 1 

dTTeo (a^ -I- r^)^/2 

direction opposite to dipiole axis. 

, (1.25) 

The charge q and the separation 2a appear 
here in the combination 2o^. This motivates 
our defining the dipole moment of the dipiole. 
We include also the direction of the dipiole 
axis, and so we define; 

Dipole moment vector p = 

vector along dipole axis, 

with magnitude 209 . ^ (1.26) 

The dimensions are evident: coulomb meter. 
In words; the dipole moment vector pwints 
from the negative to the pioaitive charge, with 
magnitude equal to the magnitude of the in¬ 
dividual charges times the distance of separa¬ 
tion. We can now write Eq. (1.25) in vector 


-o- 

- 9 


■ 0 - 

9 


E 


E 


Figure 1.21: Dipole electric field at points on axis 


form; 

Dipole field at points in equatorial plane, dis¬ 
tance r from centre 


_P_ I 

4fffo (a* + 


(1.27) 


If the distance r is much greater than the 
length o, we get a simpler expression; 

Dipole electric field at great distances in equa¬ 
torial plane 


ci:—--r, for r»a (1.28) 

4fffo ri 

We see that at large distances only the dipole 
moment vector is needed, not, charge q and 
separation 2a individually. Notice also the 
inverse cube dependence on distance. For a 
single point charge the Coulomb’s Law gives 
an inverse square dependence for the electric 
field. The difference can be understood easily. 
With a dipole, at great distances, the fields 
due to q and —g almost cancel each other, but 
not quite. (Indeed, if the separation 2a were 
zero, the two charges would have been on top 
of one another, and there would be no field at 
all!). What remains, after the near cancella¬ 
tion, 13 what we find in Eq (1.28), behaving 
as l/r® instead of as 1 /r^. 

Wc can also calculate the strength of the 
field at pioints along the axis, far away ‘in 
front' or ‘at the back'. Referring to Fig. 1.21, 
we find- 


Magnitude of dipole electric 
field at distance r along 
the axis, front or back, 


9 

4irfo 


1 

(r-o)* 


1 

(r + ay 


(1.29) 
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In the figure, E± denote the fields due to ±q 
respectively. For r much greater than a, us¬ 
ing the binomial expansion we can write in an 
approximate way: 


(r - o)* 


1 ^ 
(r + ay " 



(1.30) 


Therefore, taking into account the direction 
as well (as seen in Fig. 1.21), we get, 


Dipole electric field at great distance 
r along the axis, front or back. 


P 1 
47rfo 


(1.31) 


Compared to the result for points in the 
equatorial plane, Eq. (1.28), we see the mag¬ 
nitude ia doubled and the direction w re¬ 
versed. 

This illustrates an important fact: in com¬ 
paring the fields of a point charge and of a 
dipole, on the one hand the 1 /r* dependence 
is replaced by l/r^ dependence. On the other 
hand, both the direction and the magnitude 
of the dipole electric field depend on the an¬ 
gle between the dipole moment vector and the 
direction to the point where the field is con¬ 
sidered. The source of the field in this case 
has a built-in sense of direction. We have seen 
this dependence here by comparing equatorial 
points with points on the axis. This is also 
brought out by the picture of lines of force in 
Fig. 1,17. We see that the field produced by a 
dipole is geometrically more complicated than 
that of a point charge. 


ExaMipIc 1(41 1 IVvo charges d:10 /iC are 
placed 5.00 mm apart. Uetermlnc the elec¬ 
tric field at (a) a point P on the axis of the 
dipole 16 cm away from its centre O on the 
side of the positive charge, (b) a point Q, 15 
cm away from O on a line passing through 
O and normal to the axis of the dipole. 
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Aftswert (a) Field at P due to charge 
-FlOpC 


^ _ 10-^ C 

47r(8.854 x lO"’* C'"N~’m-^) 

(15 - 0.25)^ X lO-" m* 

= 4.13 X lOP NC-’along BP. 


Field at P due to charge —10 pC 

^ _ 10-° C 

4w(8.854 X 10-'* C'' N"' m"*) 

[15 -t- 0.25)^ X lO""* m* 

= 3.86 X 10« NC"’ along PA. 


The resultant electric field at P due to the two 
charges at A and B is 


= 2.7 X 10° NC-’ along BP. 


In thb example, the ratio OP/OB is quite 
large (=60). Thus we can expect to get ap¬ 
proximately the same result as above by di- 
Tectly using the formula for electric field at a 
far-away point on the axis of a dipole. For a 
dipole consisting of charges ± q, 2a distance 
apart, the electric field at a distance r from 
the centre on the axis of the dipole has a mag¬ 
nitude 


4irfor* 


for r/a » 1 , 
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where p = 2aq is the magnitude of the 
dipole moment. 

The direction of electric field on the dipole 
axis is always along the direction of the dipole 
moment vector (i.e. from -q to q). Here 

p = 10“® C X 5 X 10’^ ra = 5 X 10~® Cm 

Therefore 
E = 

2 X 5 X 10~° Cm 
4?r(8,854 x 10'’=* C"N"‘m-^j 
1 

(15)^ X 10'V 

= 2 6x10® NO"’ 

along' the dipole moment direction AB which 
is close to the result obtained earlier. 

(b) Field at Q due to charge +10 pC at B 

lO""^ c 

"" 4?r(8.854 X IQ-'^ C^N'^m-^) ^ 

1 

[15^+ (0,25)^] X 10'^ m^ 

= 3.99 X 10® NC"’ along BQ. 

Field at Q due to charge -10 pC at A 

10 ”^ c 

47r(8.854 x lO'’^ C^N-'m"*) ^ 

__1 

[15“ + (0.25)=] X 10-* m=* 

= 3.99 X 10® NC~^ along QA. 

Clearly, the components of these two forces 
with equal magnitudes cancel along the direc¬ 
tion OQ but add up along the direction par¬ 
allel to BA Therefore, the resultant electric 
field at Q due to the two charges at A and B 
is 

= 2 X cosine of angle QBO x 

3.99 X 10® NC-’ along BA 

along BA 

= 1.33 X 10® NG~'along BA. 

As in (a), we can expect to get approxi¬ 
mately the same result by directly using the 
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gE Torque = 0 
Force = 0 

Figure 1.22: Dipole in a uniform field 

formula for dipole field at a point on the nor¬ 
mal to the axis of the dipole 

E = ~—x for rja > 1 
iireoT 

5x10-* Cm 

~ 47r(8.854 x 10-'^ C^ N'^m-*) ^ 

1 

15® X 10'® m® 

= 133x 10®NC~^ 

The direction of electric field in this case is op¬ 
posite to the direction of the dipole moment 
vector. Again the result agrees with that ob¬ 
tained before. 


The dipole in an electric field: Now let us 
consider the second aspect mentioned at the 
start of this Section If a dipole is placed in 
an electric field (due to some other sources), 
what forces and torques act on it? 

For comparison, recall that on a point 
charge the force is its charge times the electric 
field. This is the content of Eq. (1.16). What 
we now want is the generalization of this if we 
have a dipole instead of a point charge. 

Let us assume we have a uniform electric 
field E (constant direction and magnitude) in 
some region of space, and a dipole is placed 
there. Suppose the dipole moment vector 
makes an angle 9 with the field E , as shown in 
Fig.1.22. The positive charge feels a force gE, 
while the negative charge feels a force —gE. 
So the net force on a dipole in a uniforrn 
field 13 zero; ' 

Uniform electric field: 
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Force on dipole = gE — qE = 0. (1.32) 

Does this mean that the dipole does not 
‘feel’ anything"^ Not at alFl Even though the 
two forces on the ends of the dipole cancel 
as free vectors, they act at different points. 
This means that they give rise to a torque on 
the dipole. We can see from Fig. 1.22 that 
the turning effect of this torque is to reduce 
the angle 0 towards zero, and make the dipole 
moment vector become parallel to the field. 

We can compute the magnitude of the 
torque with respect to the centre of the dipole 
It is the sum of the two forces times their lever 
arms 

Irj = 2g|E|asin5 = |p| |E|sin5. (1.33) 

Keeping track of the right hand corkscrew rule 
to fix the direction of t (in Fig.1.22 it comes 
out of the page), the full expression is 

T=pxE. (1-34) 

We can summarise and say in a uniform 
electric field, a dipole feels only a torque but 
no net force. 

Since the effect of the field is to make the 
dipole align itself parallel to the field, when 
the orientation is some non zero angle 9 there 
must be potential energy stored in the dipole. 
This is because if you want to rotate the dipole 
from the preferred orientation 0 = 0 to some 
nonzero 9, you have to oppose the torque due 
to the field and do some work. We will exam¬ 
ine the form of this potential energy in Section 
2,5 in Chapter 2. 


★ If a dipole IS placed in a nonuniform field, 
it experiences a net force in addition to a torque. 
We consider only the simplest situations, to bring 
out the basic ideas most easily, 

Suppose that in some region of space, to a 
good accuracy, the electric field has a constant 
direction, say the x direction Also suppose its 
magnitude increases steadily as we move In that 
direction. We consider only two cases' either the 
dipole moment p is parallel to E, or points in the 
opposite direction, 

The former Is shown in Fig. 1 23a You can 
see that the force on the positive charge (acting 
towards the right) is greater in magnitude'than the 
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Direction of increasing field - ) 
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Direction of net force = ■* - 

Direction of increasing field = - p. 


(b) 

Figure 1.23: Dipole in a nonuniform field 

force on the negative charge (acting towards the 
left) So the net force on the dipole is to the right, 
that IS, towards the region of stronger field This 
means the dipole is accelerated in that direction. 
On the other hand, if p is opposite to the field 
direction, we have the situation of Fig 1 23b. 
Now the force on the positive charge is less in 
magnitude than that on the negative charge The 
net result is that there is a force towards the left'on 
the dipole, that is, towards the region of smaller 
field This IS opposite to the previous easel 
Thus in a nonuniform field we see that a dipole 
experiences a nonzero force It depends on the 
orientation of the dipole moment p with respect 
to the direction in which the field increases Apart 
from this force, there is a torque as well on the 
dipole, ★ 
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Summary 

1 Electric and magnetic forces determine the properties of atorrrs, molecules and bulk matter. 

2 From simple experiments on frictional electricity, one can infer that there are two types of 
charge in nature; and that like ch.irges repel and unlike charges attract. By convention, 
the charge on a glass rod rubbed with silk is positive; that on a rubber rod rubbed with 
wool is then negative. 

3. The leaf electroscope is a simple apparatus to detect charge on a body It consists of a 
vertical metal rod housed in a box, with two thin gold leaves attached to its bottom end. 
When a charged object touches the metal knob at the top of the rod, charge flows on to 
the leaves and they diverge. The degree of divergence is an indicator of the amount of 
charge 

4. Electric charge has three basic properties. Quantization, Additivity and Conservation 

Quantisation of electric charge means that total charge (Q) of a body is always an integral 
multiple of a basic quantum of charge (e) i.e. Q = ne, where n = 0, ±1, ±2, ±3, ... 
Proton and electron have charges +e, -e respectively. For macroscopic charges for which 
n is a very large number, quantization of charge can be ignored. 

Additivity of electric charge means the total charge of a system is the algebraic sum (i e. 
the sum taking into account proper signs) of all individual charges in the system. 

Condervation of electric charge means that the total charge of an isolated system remains 
unchanged with time. This means that when bodies are charged through friction, there 
is a transfer of electric charge from one body to another, but no creation or destruction 
of charge. 

5. Conductors allow large scale movement of electric charge through them, insulators do 
not. In metals, the mobile charges are electrons; in electrolytes both positive and negative 
ions are mobile 

6. Coulomb's Imw : The mutual electrostatic force between two point charges gi and gj is 
proportional to the product gigj and inversely proportional to the square of the distance 
r separating them. Mathematically, 

Fji = force on gj due to gi = 

where fji is a unit vector in the direction from g, to gj and k = l/47rfo is the constant 
of proportionality. In the same way 


Fi 2 s force on gi due to g 2 = 

where fi 2 is a unit vector in the direction from gj to gi. F^ = -Fu i.e. Coulomb's law 
agrees with Newton's Third law of motion. 

In SI units, the unit of charge is coulomb. The experimentally determined value of k in 
coulomb's law is, 

k = l/4irfo = 8,98755 x 10® Nm^C”’* 
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7 The ratio of electric force to gravitational force between proton and electron is 



8 Superposition Principle 

This principle embodies the property that the forces with which two charges attract or 
repel each other are not affected by the presence of a third (or more) additional charge 
For an assembly of charges q\, gj, 93 .. the force on any charge, say 51 , is the vector sum 
of the force on q\ due to q^, the force on q\ due to gg, and so on For each pair, the 
force IS given by the Coulomb's law for two charges stated earlier. 

9 The electric field E at a point due to a charge configuration is the force on a small positive 
test charge qo placed at the point divided by the magnitude of the charge. Electric field 
due to a point charge q has a magnitude lg)/47rfor'^ / it is radially outwards from q, if ? 
IS positive, and radially inwards if q is negative Like Coulomb's force, electric field also 
satisfies superposition principle 

10 A line of force is a line drawn in such a way that the tangent at each point on the line 
gives the direction of electric field at that point The relative closeness of lines of force 
indicates the strength of electric field at various places, they crowd near each other in 
regions of strong electric field and are far apart where the electric field is weak, In regions 
of constant electric field, the lines of force are parallel straight lines 

11, Some of the important properties of lines of force are (a) Lines of force are continuous 
curves without any breaks (b) Two lines of force cannot cross at a common point (c) 
Lines of force for electrostatic fields start at positive charges and end at negative charges 
- they cannot form closed loops. 

12 An electric dipole is a pair of equal and opposite charges q and —q separated by some 
distance 2a Its dipoje moment vector p has magnitude 2qa and is in the direction of the 
dipole axis from —g to g 

13. Field of an electric dipole in its equatorial plane (i e the plane perpendicular to its axis 
and passing through its.centre), at a distance r from the centre. 


-P 

4rrfo 


1 _ -P 

(a* + ~ 47rfor^ 


for r > a 


Dipole electric field on the axis at a distance r from the centre. 


2p 

47rCor"^ 


for r » a 


The 1/r^ dependence of dipole electric field? should be noted in contrast to the 1/r* 
dependence'of electric field due to a point charge. 


14 In a uniform electric field E, a dipole experiences a torque r given by. 


r = p X E 


but experiences no net force. 


PHYSICS 


Exercises 


1.1 State Coulomb’s law of force between 
two charges at rest What is the force 
of repulsion between two charges of 
1C each, kept Im apart m vacuum”? 

1.2 What IS the force between two small 
charged spheres having charges of 2 x 
10 “^C and 3 x 10“?C placed 30 cm 
apart in air”? 

1.3 The electrostatic force on a small 
sphere of charge 0.4 /iC due to an¬ 
other small sphere of charge - 0 8 
pC in air is 0.2 N. (a) What is the 
distance between the two spheres? 
(b) What is the force on the second 
sphere due to the first? 

1.4 Check that the ratio fce^/C metUp 
IS dimensionless Look up a Table 
of Physical Constants and determine 
the value of this ratio What does the 
ratio signify”? 

1.5 (a) Explain the meaning of the state¬ 
ment “electric charge of a body is 
quantized". 

(b) Why can one ignore quantization 
of electric charge when dealing with 
macroscopic i.e large scale charges”? 

1.6 When a glass rod is rubbed with a 
silk cloth, charges appear on both. 
A similar phenomenon is observed 
with many other pairs of bodies. Ex¬ 
plain how this observation is consis¬ 
tent with the law of conservation of 
charge. 

1.7 State the superposition principle for 
electrostatic force on a charge due to 
a number of charges 

1.8 Four point charges = 2pC, gs = 


-5/iC, qc = 2/iC, and qn - -5/iG 
arc located at the corners of a square 
ABCD of side 10 cm. What is the 
force on a charge of 1/iC placed at 
the centre of the square”? 

1.9 Define electric field E at a point in 
space due to a distribution of charges. 
A point charge q is placed at the ori¬ 
gin. How does the electric field due to 
the charge vary with distance r from 
the origin? 

1.10 (a) An electrostatic line of force is 
a continuous curve That is, a line 
of force cannot have sudden breaks 
Why not? 

(b) Explain why two lines of force 
never cross each other at any point. 

1.11 Two point charges = .3/iC and q^ 
= -3pC are located 20 cm apart in 
vacuum. 

(a) What is the electric field at the 
midpoint O of the line AB joining the 
two charges? 

(b) li a negative test charge of mag¬ 
nitude 1,5 X 10”®G is placed at this 
point, what is the force experienced 
by the test charge? 

1.12 An electric dipole is placed in a uni¬ 
form external electric field E. Show 
that the torque on the dipole is given 

by 

T= p X E 

where p is the dipole moment of the 
dipole. What is the net force experi¬ 
enced by the dipole? 

1.13 A system has two charges = 2.5 x 
10-'?’G and qs = -2.5 x 10-'?C lo¬ 
cated at points A:(0,0,-15cm) and 
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B (0,0,+15cm) respectively What is 
the total charge and electric dipole 
moment of the system'^ 

1.14 An electric dipole with dipole mo¬ 
ment 4 X lO'^Cm is aligned at 
.30° with the direction of a uni¬ 
form electric field of magnitude 5 x 
10 '’NC”’. Calculate the magnitude of 
the torque acting on the dipole, 

1.15 A polythene piece rubbed with wool 
is found to have a negative charge of 
3 X 10~^C (a) Estimate the number 
of electrons transferred (from which 
to which"?) 

(b) Is there a transfer of mass from 
wool to polythene? 



Additional Exercises 


1.19 A glass rod rubbed with silk is 
brought close to two uncharged 
metallic spheres in contact with each 
other, inducing charges on them as 
shown in the figure Describe what 


1,16 (a) Two insulated charged copper 
spheres A and B have their cen¬ 
tres separated by a distance of 50cm 
What IS the mutual force of electro¬ 
static repulsion if the charge on each 
IS 6 5 X The radii of A and 

B are negligible compared to the dis¬ 
tance of separation. 

(b) What is the force of repulsion 
if each sphere is charged double the 
above amount, and the distance be¬ 
tween them is halved"? 



1.17 Suppose the spheres A and B in 1 16 
have identical sizes, A third sphere 
of the same size but uncharged is 
brought in contact with the first, then 
brought in contact with the second, 
and finally removed from both. What 
is the new force of repulsion between 
A and B? 


happens when 

(i) the spheres are slightly separated, 
and 

(ii) the glass rod is subsequently re¬ 
moved, and finally 

(lii) the spheres are separated far 
apart. 


1.18 Figure below shows tracks of three 
charged particles in a uniform elec¬ 
trostatic field Give the signs of the 
three charges Which particle has the 
highest charge to mass ratio? 


1.20 An oil drop of 12 excess electrons is 
held stationary under a constant elec- 
tic field of 2 55 X 10"* NC-* in Mil¬ 
likan’s oil drop experiment, (This ex¬ 
periment is described in Chapter 12) 


-F+++ 



The density of the oil is 1.26 g cm 
Estimate the radius of the drop, {g = 
9 81^TlS-^ e= 1 60 x 10-’®C). 




1.21 Which of the above cannot possibly 
represent electrostatic field lines? 


1.22 In a certain region of space, electric 
field is along the z-direction through¬ 
out. The magnitude of electric field 
is, however, not constant but in¬ 
creases uniformly along the positive 
z-direction, at the rate of lO'^NC"^ 
per metre What are the force and 
torque experienced by a system hav¬ 
ing a total dipole moment equal to 
10“’’Cm in the negative z-direction? 
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Charles Augustin de Coulomb 
(1736-1806) 

Spent nine years as a military engineer m the 
West Inches. After the I'Veiich Revolution, he 
retired to a small estate to do his scientific re¬ 
search Ills experiments on the electrostatic 
force, to find the qiiantitative form of the law 
of repulsion earlier stated by Priestley, were 
done in 1786-89 This led to Coulomb’s Law 
He also found the inverse square law of at¬ 
traction and repulsion among unlike and like 
magnetic poles; and worked on friction, wind¬ 
mills, elasticity of metal and silk fibres among 
other things. 


Henry Cavendish (1731-1810) 

Outstanding physicist and chemist, he be¬ 
came wealthy by inheritance at age 40, but 
remained a recluse all his life His results on 
electricity were unpublished and remained un¬ 
known till Maxwell edited and published them 
around 1875 A part from the law of elec¬ 
trostatic attraction and repulsion, he invented 
the torsion balance to measure the Newtonian 
gravitational constant by a laboratory experi¬ 
ment, and thus weighed the earth' He also did 
experiments on the composition of air, and 
properties of hydrogen The Cavendish labo¬ 
ratory of Cambridge University was set up m 
his honour in 1871 
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Karl Friedrich Gauss (1777-1855) 

He was a child prodigy and was gifted in 
mathematics, physics, engineering, astronomy 
and even land surveying The properties of 
numbers fascinated him, and in his work he 
anticipated major mathematical development 
of later times Along with Wilhelm Welscr, he 
built the first electric telegraph in 1833 His 
mathematical theory of curved surface laid 
the foundation for the later work of Riemann, 
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2.1 Introduction 

In the previous Chapter we studied some 
of the basic properties of electric forces and 
charges. We also developed the idea of the 
electric field. We assumed throughout that 
the charges producing the field were station¬ 
ary. Such electric fields belong to the subject 
of electrostatics. We continue our study of 
electrostatics in this Chapter. 

First we take up the concept of electric 
flux and Gauss’s Theorem, This theorem de¬ 
scribes a basic property of electric fields. As 
we will see, we may think of it as a counter¬ 
part to Coulomb’s Law In certain situations 
Gauss’s Theorem gives us a much easier way 
to calculate electric fields than directly using 
Coulomb's Law. 


After this we go on to develop the concept of 
the electric potential. In Chapter 1 we learnt 
how to pass from electric forces among charges 
to the idea of the electric field. Now we go 
one step further from the field to its potential 
We can think of it as a convenient and math¬ 
ematically simple way to describe the field. 
Whereas the electric field is a vector, the po¬ 
tential IS a scalar; so it is easier to deal with. 
We will see how to find the potential due to 
given charges. The potential is also closely 
related to the concept of potential energy of 
systems of charges, and to the work done on 
charges in various situations. 

All this is quite similar to the passage 
from gravitational forces among masses to 
the gravitational potential produced by given 
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masses. The similarity is enhanced by the fact 
that both Newton’s Law of Gravitation and 
Coulomb’s Law are inverse square laws. 

Gauss’s Theorem on the one hand, and the 
concept of the potential on the othei, to¬ 
gether teach us many interesting properties of 
charges and fields in and near conductors Af¬ 
ter a look at these aspects, we turn to the sub¬ 
ject of capacitors and capacitance. Capacitors 
are very important practical devices for stor¬ 
ing' electrical charge as well as energy. They 
are used in many appliances such as radios, 
television sets etc. The effect of insulators or 
dielectrics in capacitors is very striking. Its 
understanding is based on the phenomenon 
of polarization, which was already briefly de¬ 
scribed in the previous Chapter. 

At the end of the Chapter we take up two 
Items of general interest. One is a study of the 
atmosphere as an electrical system. It is quite 
exciting to see how all that we learn about 
electricity can be applied to such an enormous 
practical system as the atmosphere, which 
covers the whole earth like a blanket. The 
other IS a simple account of man-made ma¬ 
chines for creating extremely strong electric 
fields These are used to accelerate charged 
particles to very high speeds, for various pur¬ 
poses. 


2.2 Electric flux and Gauss’s theorem 

Qualitative definition of electric flux: In 
Section 1.7 we saw that an electric field can be 
pictured by drawing lines of force. The field is 
strong where these lines crowd together, weak 
where they are far apart. Using this picture 
we first develop a simple qualitative under¬ 
standing of the idea of electric flux, and later 
improve upon it 

Consider first the simple case of a uniform 
electric field, and imagine a (small) plane area 
AS, say in the shape of a square or a rectan¬ 
gle, exactly perpendicular to the field. This is 
shown m Figs 2.1a,b first in perspective and 
then in an edge-on or cross sectional view We 
then define the electric flux through AS to be 
the number of lines of force passing through 


AS, that is, cutting AS 





>■ 

E 


-^AS 


(b) 



(c) 


Figure 2.1: Flux thiougli a small area m a uni¬ 
form field 

Now suppose we tilt AS by an angle 0, to 
the position shown in Fig. 2.1c. Since the field 
is uniform, the lines of force too are uniformly 
spaced So we can see easily that the number 
of lines of force cutting AS in this tilted po¬ 
sition is less than before, by the factor cosS. 
Indeed, as we keep increasing the angle of tilt 
until 9 = 90°, the flux reduces to zero; in this 
position, no lines of force cut the area element 
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at all! 

This definition of electric flux is unsatisfac¬ 
tory for a simple reason - it is given in terms 
of the number of lines of force cutting an area, 
but it is up to us to choose how many lines of 
force to draw We may'double, or halve, this 
number; then the flux too would be doubled 
or halved. 

Quantitative definition of electric flux'. We 
can nicely solve this problem, and at the same 
time take care of the cos 6 factor described 
above, by expressing the flux directly in terms 
of the electric field vector E For this we repre¬ 
sent the area element AS too by a vector AS: 
it is drawn perpendicular to the area, and its 
magnitude |AS| is just the area AS, This is 
shown in Fig 2.1c. The angle of tilt 0 is then 
just the angle between the vectors E and AS. 
We write A^ for the electric flux and define: 
flux through small area AS 
in a uniform field E 
= £• AS (2.1) 

Using the definition of the scalar product 
of two vectors, we can write this improved ex¬ 
pression for flux in two ways: either in terms 
of the magnitude of the electric field and the 
angle 0, or in terms of the component of E 
along AS, that is, perpendicular to the area 
element. This component is written as Ex 
a*id is given by 

f?X = |E|cos0. (2 2) 

So we have two convenient expressions for the 

flux A$: 

A$ = |E|AScoafl 

= Ex^S (2.3) 

The expected cost? dependence, the propor¬ 
tionality to the area AS, and to the number 
of lines of force representing E, are all clearly 
seen. The situation is illustrated in Fig. 2 2. 

So far we assumed the field was uniform, 
and the area AS was small. We can now gen¬ 
eralize in both respects. We can consider an 
electric field which may vary from point to 
point in space. We also imagine a general fi¬ 
nite surface S drawn in the region of the field. 



Figure 2.2: Precise definition of flux through an 
area element 



Figure 2.3: Flux through a closed surface in a 
general field 

This surface may be open or closed, but for 
our purpose we will assume it is closed. This 
means that there is an enclosed volume V (or 
the speuie inside S, and the space outside S) 
separated by S, as in Fig 2,3. We want to 
know: how shall we define the eletrlc flux $ 
through S in this situation? 

We proceed in this way. We divide S into 
a large number of small area elements AS, 
such that over each one the field is practically 
uniform. The vector AS at each element is 
chosen to point along the outward normal to 
S there: from the inside towards the outside. 
Then the total flux $ is just the algebraic sum 
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of small contributions A$ of the form (2.1), 
one from each area element: 

$ = flux through general closed surface S 
in general electric field 
~ ^ E ■ AS 

all area 
elements 

= ^ (|E| AS cos 9 or E±, AS) 

all area 
elements 

(2 4) 

In the second line of Eq. (2.4), we used an ap¬ 
proximate equality sign because we supposed 
that over each element AS the field E is apn 
proximately uniform. 

Let us now make some general remarks and 
then give some examples; 

(a) The SI unit for electric flux is 

[5>] = newton x (meter)*/coulomb 

= joule X meter/coulomb (2.5) 

(b) We chose the direction of each small vector 
AS to be along the outward normal to S at 
that area element This means that wherever 
the field E happens to point from the inside of 
S to the outside, the angle 9 is less than 90° 
and the contribution to the flux is positive 
On the other hand from those places where E 
points from the outside to the inside we get 
negative contributions to $, since B is more 
than 90°. In the lines of force picture this 
means that lines of force entering a closed 
surface S are counted as contributing nega¬ 
tively to the flux while those leaving S 
contribute positively (This choice of flux en¬ 
tering as negative and flux leaving as positive 
IS a matter of convention, because we chose to 
draw AS along the outward normal. But the 
fact that they are of opposite signs is not a 
matter of convention!) 

(c) If all over S the angle between E and AS 
is les.s than 90°, then the total flux is posi¬ 
tive If it IS throughout more than 90°, the 
flux is negative In general we can expect dif¬ 
ferent area elements to make contributions of 
varying sign to $, so the total flux could be 


positive or negative, or sometimes zero 

We said that we used an approximate equal¬ 
ity sign rather than an exact equality in Eq (2 4) 
because we supposed that the field E is approxi¬ 
mately constant over the area element AS As we 
make these elements smaller and smaller in size, 
while increasing their total number, we get pro¬ 
gressively more accurate values for the total (lux 
4? through the surface S Ultimately, as each AS 
approaches zero, the sum in Eq (2.4) becomes 
a surface integral over S So the precise def¬ 
inition o( the total (lux is written in this way 

= total electric flux through a S 
= f E.dS= [ E^dS (2.6) 

Jover S over S 

★ 


Examples of calculating fluxes: Let us look 
at a couple of examples which are simple 
enough so that we can calculate fluxes with¬ 
out using integrals Simplifications occur if 
the total surface S can be divided into a few 
parts, over each of which Ex has a constant 
value. Then each such part contributes its 
Ex times its area, and we simply add up such 
contributions. 

As a first example take a cylinder of length 
L and uniform circular cross-sectional area A, 
in a uniform field. Let the axis of the cylinder 
be parallel to the field, as shown in Fig 2.4 
We want to calculate the total flux through 
the entire surface of the cylinder. By drawing 
the outward normals we see that 0 = 0° on 
the flat right end face, 9 = 180° on the flat 
left end face, and 9 = 90° all over the curved 
surface. So the corresponding values of Ex, 
the component of E along the outward nor¬ 
mal, are E,—E and zero. The total flux gets 
equal and opposite contributions from the two 
end faces, and a vanishing contribution from 
the curved part of the cylinder. Adding these 
we find that the total flux vanishes 

^r = AE-AB-^0 = 0. (2.7) 

The above example dealt with a uniform 
field. Now let us next look at the field of a 
point charge g, given in Eq. (1.19) Assume 
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0 = 90° 



Figure 2.4: Example of flux calculation in a uni¬ 
form field 


E 



Figure 2.6: Flux through a sphere around a point 
charge 


q IS positive Let the surface S be a sphere 
So of radius H centered on the charge. This 
is shown in Fig. 2.5. At each point of the 
sphere the electric vector points radially out¬ 
ward, so it IS parallel to the outward normal 
there, This means 0 = 0°, and the normal 
component is constant and equal to the 
field strength all over the sphere The total 
flux IS then very easy to calculate: 




total flux through sphere of 
radius E due to point charge g 
at the centre 


^ B±AS 

all area 
elements 

B± X total area of sphere 


47160 


AttE' 


' - ( 2 . 8 ) 

We have the remarkable result that the to¬ 
tal flux IS independent of the radius E of the 
sphere this is because the Coulomb’s Law is 
an inverse square law 

In case the charge q is negative, at all points 
of the sphere the field points radially inwards 
This means 0 = 180° throughout, and the flux 
$ is negative However, the formula (2.8) is 
unchanged, as g is now negative 

Gauss’s theorem: We have given first an in¬ 
tuitive, and then a more precise, definition of 
electric flux We have calculated it in a few 
simple cases. Now let us state Gauss’s Theo¬ 
rem. 

Let S be any closed surface, and V be the 
enclosed volume. As usual we think of F as 
the inside of S, and the rest of space as the 
outside. Then we have 
Gauss’s Theorem: 

Total outward electric flux $ through 
closed surface S 

j ( total electric charge 
= — X < contained in volume 
[ F enclosed by S 

(2.9) 

For the very simple case of a single point 
charge q at the centre of a sphere S of any 
radius, we have seen in Eq (2 8) that the 
theorem holds We will forego giving a proof 
of this theorem in this book. Later we will 
use it to calculate the electric fields in sim¬ 
ple situations. At this point it is more useful 
to clearly appreciate its meaning, and look at 
ways to use it For these purposes, we now 
present several comments’ 

(a) According to Eq. (2.4), the calculation of 
the total flux through a surface S involves 
breaking S into many small elements A S, 
calculating the flux E • AS through each, and 
then adding them all up Therefore at each 
point of S we must know the electric field 
E, By the superposition principle, this E gets 
contributions from all source charges, both 
those which may be in the volume F inside 5, 
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and those which may be outside But the the¬ 
orem says that as far as the total flux through 
S is concerned, only the total charge inside S 
matters' This means that charges outside S 
do contribute to the field E at each point of 
iS, and so also to the flux E • AS through each 
small portion of S, but not to the total flux 
^ at aW 

(b) All kinds of charges inside S must be taken 
into account on the right hand side of Gauss’s 
Theorem, Eq. (2 9), whether they are point 
charges or continuous distributions. 

(c) Since the total flux $ through S involves 
only the total enlarge inside S, the locations 
of the charges inside do not matter. So, if we 
move these charges to new positions inside S, 
the individual flux contributions E AS may 
change, but the total flux will not change. 

(d) As we know from Coulomb’s Law, the elec¬ 
tric field of a point charge gets stronger and 
stronger as we move closer and closer to the 
charge In fact it becomes infinitely strong 
right at the charge. For this reason it is al¬ 
ways necessary to ensure that the surface S 
does not pass through point charges. It may 
however cut through continuous distributions 
of charge, and Gauss’s Theorem will be valid. 

(e) In any given situation, we may choose 
any closed surface S we please, depending on 
convenience, and apply Gauss’s Theorem to 
It. (The only restriction to remember is (d) 
above). Any such surface is called a Gaus¬ 
sian surface 

At this point let us go back to the lines of 
force picture of electric flux and ask this ques¬ 
tion- is there any useful property of lines of 
force that we can learn from Gauss's 'Theo¬ 
rem? There is - it is the property of continu¬ 
ity of lines of force. We describe it briefly. 

Suppose the total charge inside a Gaus¬ 
sian surface S is zero. Then the total flux 
# through S is also zero Now in the lines of 
force'picture we saw that the lines entering 
S make a negative contribution to $, while 
those leaving S make a positive contribution. 
So if the total enclosed charge is zero, we can 
say that there are as many lines of force en¬ 
tering S as there are leaving S . 


Now this IS true for any Gaussian surface 
S enclosing zero total charge. The only way 
there can be a net outflow (or inflow) of lines 
of force is if the total charge inside S is posi¬ 
tive (or negative). This leads to the following 
intuitive and useful property lines of force 
always begin at positive charges and end at 
negative charges; otherwise they are always 
continuous. 


Example *.l I The elei trie field compo 
nents in the following Figure arc 
Ey = El = 0, In which a = 800N/Cm^. Cal¬ 
culate (a) the flux through the cube and 
(b) the charge within the cube Assume that 
a = 0.1m 


y 



Attsweri (a) Since the electric field has only 
an X component, for faces perpendicular to 
X direction, the angle between E and AS is 
±ir/2. Therefore, the flux $ = E ■ AS is sepi- 
arately zero for each face of the cube except 
the two shaded ones. Now the magnitude of 
the electric field at the left face is 

, El, = 

(a: = a at the left face). 

The magnitude of electric field at the right 
face IS 

Ep = ax^!'^ = a(2o)’^^ , 

{x = 2 a at the right face). 

The corresponding fluxes are 

= Ef, AS = Ei^S cos 9 
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= ~El as , since 0 = 180° 
= -ElO^ 

= En • AS = i?/jAS cosO 
= —En^S, since 0 = 0° 
= Ena^ 


Net flux through the cube 
= — E^a^ 

= a\Ea - El) 

= aa'^[{2afl^ - 
= aaS/2[v/2-l] 

= 800(0 l)^/^(i/2- 1) 

= 1 05 NmVC. 


(b) We can use Gauss's theorem to find the 
total charge q inside the cube. We have $ = 
g/fo or g = $fQ Therefore 


g = 1 05 X 


471 X 9 X 10® 
= 9.27 X 10"’^ C. 


Example i An electric field Is uniform, 
and in the positive x direction for positive x, 
and uniform with the same magnitude but 
In the negative x direction for negative x It 
is given that E = 200i N/C for x > 0 and 
E = —200i N/C for x < 0. A right circular 
cylinder of length 80im and radius 5cm has 
its centre at the origin and Its axis ^long 
the I axis so that one face Is at x = +10cm 
and the other Is at x = — lOtm. (a) What is 
the net outward flux through each flat face? 
(b) What Is the flux through the side of the 
cylinder? (c) What Is the net outward flux 
through the cylinder? (d) What Is the net 
charge Inside the cylinder? 

x 

Answer i (a) We can see from the figure, that 
on the left face E and AS are parallel. There¬ 
fore, the outward flux is 

$£, = E ■ AS = -2001 ■ AS 

= —200 AS , since i ■ AS = AS 
= -200 X 7r(0 05)^ = -1.57NmVG. 



On the right face, E and AS are parallel and 
therefore 

= E AS 
= -1-1 57 NmVC 

(b) For any point on the side of the cylinder 
E is perpendicular to AS and hence E • AS 
= 0. Therefore, the flux out of the side of the 
cylinder is zero. 

(c) Net outward flux through the cylinder 

= 1.57-(-1.57)-f 0 = .3.14NmVC. 

(d) The net charge within the cylinder can 
be found by using Gauss’s theorem which says 
that 

n 

$ = — or g = 

^0 

3 14 X- 1 --C 

47r X 9 X 10® 

= 2.78 X 10~” C 


2.3 Applications of Gauss’s theorem 

For certain simple kinds of sources, the elec¬ 
tric field can be found very easily using 
Gauss’s Theorem. In these cases, the direct 
use of Coulomb’s Law to find the field is more 
complicated. In this Section we look at some 
examples to see how the method works. 

What are the conditions on the sources that 
allow us to use Gauss’s Theorem in this way'? 
The requirement is that the source charges 
should be distributed, or arranged In space, in 
a highly symmetrical way. Of course, Gauss’s 
Theorem is true for any source distribution. 
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and for all choices of Gaussian surface, But 
if there are enough simplifying features in the 
situation, we may be able to easily deter¬ 
mine the direction of the field at each point 
in space. Then by an appropriate choice of 
Gaussian surface S we may be able to use 
Gauss’s Theorem to find the magnitude as 
well We need to be able to choose S so that 
it is made up of a few simple portions, over 
each of which the perpendicular field compo¬ 
nent E± is known in advance to be constant 
This IS similar to the discussion in the previ¬ 
ous section for the calculation of electric fluxes 
in Simple situations. 

Prom a physical point of view we may say 
that Coulomb’s Law and Gauss’s Theorem 
complement one another. This can be under¬ 
stood as follows. If the locations and amounts 
of all source charges are known, then by using 
Coulomb’s Law and the superposition prin¬ 
ciple we can (at least in principle) find the 
electric field at every point in space. On the 
other hand, suppose we happen to know the 
field all over space. Then Gauss’s Theorem 
helps us to find where the source charges are 
located, and what their amounts are! This 
IS because, by choosing various Gaussian sur¬ 
faces S and'calculating the corresponding to¬ 
tal fluxes $, we would know how much charge 
is contained inside each S But the choice of 
S is completely in our hands. We can change 
its shape and size and location as we wish, and 
so finally we can “zero in” on all the source 
charges, whether they are point like or con¬ 
tinuous distributions 

Expressed concisely we can say Coulomb's 
Law takes us from sources to their field; 
Gauss’s Theorem takes us from the field tq 
its sources 

Here is another point worth mentioning. 
Though we have not done so in this book, it 
is possi'ole to prove Gauss’s Theorem starting 
from Coulomb’s Law and the superposition 
principle. Conversely, Coulomb’s Law can be 
derived from Gauss’s Theorem and a special 
property of electrostatic fields which we de¬ 
scribe later in Section 2 4. Thus we can regard 
either Coulomb’s Law or Gauss’s Theorem as 


basic, and then derive the other as a conse¬ 
quence. 

In the previous Chapter (see Section 1.6) we 
briefly described the electric fields produced 
by some simple sources, uniform thin straight 
line of charge; uniform plane sheet of charge, 
uniform thin spherical shell, and solid sphere, 
of charge Now we shall see how Gauss’s The¬ 
orem leads to those results. 



Figure 2.6: Field of a straight line of charge 
using Gauss’s Theorem; (a) Line charge and Gaus¬ 
sian surface (b) Construction for showing that the 
electric field due to a line charge is m the radial di¬ 
rection 
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Uniform straight line of charge. This is our 
first example. Consider a thm infinitely long 
straight line L of charge, as pictured in Fig 
1.12a and drawn again in Fig. 2.6a. Let the 
uniform charge density be A Cm“' The prob¬ 
lem is clearly two-dimensional’ conditions in 
all planes perpendicular to L are the same (no 
matter where these parallel planes cut the line 
of charge ) Thus no physical quantity depends 
on the position along the length of the infinite 
line of charge. At any point P a perpendicu¬ 
lar distance r away from L, we can see that 
the electric field E lies in the plane containing 
P, and that it points radially outwards or in¬ 
wards according as the charge density is pos¬ 
itive or negative. These properties of E at 
P are evident from Coulomb’s Law. Imagine 
dividing the line L into many small equal seg¬ 
ments. Then each pair of segments at equal 
distances above and below the plane of P will 
produce fields at P which add up to a resul¬ 
tant with the above properties, as indicated 
in Fig. 2.6b. 

Clearly the magnitude of E at P, jE'(r), can 
depend only on r. To find it we choose a Gaus¬ 
sian surface S as shown in Fig. 2.6: the sur¬ 
face of a circular cylinder of radius r with L as 
axis, and of unit length. On the flat top and 
bottom faces, over each small area element, E 
and AS are perpendicular to one another so 
there is no electric flux through those faces. 
On the sides they are parallel if A is positive, 
antiparallel if A is negative. Therefore, the 
total outward flux $ through S is 

$ = ±27rri?(r) according as A § 0, (2.10) 

since I?(r) is the same at all points on the 
cylindrical surface, whose area is 27rr for unit 
height of the cylinder. As the length of the 
cylinder is one meter the total charge con¬ 
tained inside S is A. Gauss’s Theorem then 
gives 

±27rr£J(r) = —according as A § 0, 
fo 

Thus we have found the magnitude of E at 



Figure 2.7: Field of a uniform plane charge sheet 
Only a finite .segment of the charge sheet is shown 

P (For positive A, this result was mentioned 
in Eq. (1,21).) If r is the two-dimensional 
outward radial vector at P, perpendicular to 
L, as in Fig 2 6, we have the complete vector 
result 

EatP = E(r) = -^ 4 ’ (2.12) 

The sign of A fixes the direction of E properly. 

We could have obtained this result using 
Coulomb’s Law by adding the electric field at 
P due to the many small bits of charge making 
up the line charge L Heie we have found it 
much more simply using Gauss’s Theorem 

Uniform plane sheet of charge' Now we 
consider our second example, the field of an 
infinite thin plane sheet of charge Let the 
uniform charge density be cr Cm“^. Now the 
problem is essentially one-dimensional since 
physically any point on a plane parallel to the 
sheet of charge is indistinguishable from any 
other point on it. Thus the only relevant di¬ 
mension or coordinate is the distance of this 
plane from the sheet 

As depicted in Fig. 2.7, let x be the distance 
from the sheet to a point P where we wish 
to find the field. We measure x from left to 
right, so it is positive (negative) for points to 
the right (left) of the plane (The other two 
coordinates y and z lie in the plane sheet of 
the charge.) 
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From the many simplifying features in this 
situation, we can see the following; the field 
at any point P has only an i-component, i.e , 
it IS perpendicular to the plane sheet; its mag¬ 
nitude can depend only on the co-ordinate x; 
qn both sides of the sheet the field points away 
from the sheet if tr > 0 , towards the sheet if 
<7 < 0 From all this we can conclude that 
the fields at points P and P' equal distances 
away from the plane, on the two sides, must 
be equal in magnitude and opposite in direc¬ 
tion. 

As a Gaussian surface S we take a rectangu¬ 
lar parallelipiped of unit cross-sectional area, 
with axis perpendicular to the sheet of charge, 
and extending a distance \x\ on either side of 
the sheet Now only the two end faces (shown 
shaded) contribute to the total outward flux 
through S, while the sides contribute noth¬ 
ing The field E{x) is parallel to the outward 
normals of the two unit area end faces, and 
is constant in magnitude over them,, so the 
total flux is 

$ = ± ( 2 F;(a:)) x ( 1 ) 

according as a ^ 0 , 

Since |E at P| = |E at P'| 

= E{x) (2 13) 

t 

The total charge contained inside S is exactly 
a, so Gauss’s Theorem gives 

±2E{x) = - 

^0 

according as cr ^ 0, 

i.e , E{x) = M, (2 14) 

Let X be a unit vector perpendicular to the 
sheet pointing in the direction of increasing x, 
i.e , firom left to right. Then we can write the 
field in vector form as: 

E=^x, .> 0 ; 

E = -^x, a;<0. (2.15) 

We can check that the direction of the field 
is correctly given by taking into account the 
sign of the charge density a (For positive cr, 
these results agree with Eq. (1.22)). 


' 
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Sheet 1 Sheet 2 

Charge density Oi Charge density Oj 


Figure 2.8: Field due to two infinite plane parallel 
sheets of charge (ei > (r^ > 0 case) Only a section 
of a finite part of the two sheets is shown 


As another example similar to the above, 
suppose you have two thin plane parallel 
sheets of charge. Let them carry uniform 
charge densities U] and ai Cm“^. Suppose 
sheet 1 is to the left of sheet 2, as in Fig 2.8; 
what will the field be? Wc can find it using 
Eq (2 15) and the superposition principle, 
that is, adding the fields separately produced 
by each sheet 

There are clearly three regions, and in each 
the field has a constant magnitude and direc¬ 
tion. region I to the left of sheet 1 ; region II 
between the two sheets; and region III to the 
right of sheet 2. As in the previous Fig. 2.7, 
here again we measure the coordinate x from 
left to right Then using Eq. (2.15) for field 
due to each sheet, we get the total field in each 
region. 


Region I • E 
Region II; E 
Region III: E 


+ o' 2 )x; 

(o-i + (Tj) X. ( 2 . 16 ) 

2fQ 


Each charge density a\ and <rj could inde¬ 
pendently be positive or negative. For defi¬ 
niteness in Fig 2.8 we have supposed that 
tfl > £72 ^ 0. 

An interesting special case arises if oi = cr. 
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Figure 2.9: Field of a thin uniform spherical shell 
of charge 

(Tj = —a, say. Then we have two infinite plane 
parallel sheets with equal and opposite uni¬ 
form charge densities. In this case we find 
that the field is non-zero only between the two 
sheets, and there it is constant, and points 
from the positive to the negative sheet The 
strength of this constant field, Icj/fo, is in¬ 
dependent of the distance between the sheets. 
This is then a practical way of producing such 
uniform fields, at least over a small region of 
space. We must just make sure that in prac¬ 
tice the sheets are much larger than the linear 
dimensions of this region. 

Uniform spherical shell and solid sphere 
of charge: As another set of applications of 
Gauss’s Theorem, we look at two cases hav¬ 
ing spherical symmetry. Consider first a thin 
spherical shell of radius R with a uniform sur¬ 
face charge density oCm”^ The situation is 
depicted m Fig 2.9. We can appreciate that 
at any point P the field is purely radial If 
the charge density a is positive, at least out¬ 
side the shell we expect the field to point radi¬ 
ally outwards, while if a is negative, it wouldi 
point inwards. In either case, the magnitude 
of the field can only depend on the distance r 
of the point P from the centre of the shell, so 
we write E{r) for it. All this results from the 
spherical symmetry, sitting at the centre of 
the shell, we see that all directions are alike. 


We have to consider two regions points P 
inside the shell, for which r < R, and points 
outside, where r > FJ In either case we choose 
the Gaussian surface S to be a sphere of ra¬ 
dius r, concentric with the shell All over the 
sphere, the field and the vector AS represent¬ 
ing each small portion of S are cither paral¬ 
lel or antiparallel So the total outward flux 
through S is 

$ = ±47rr^£(r) according as cr ^ 0, 


|.„i f at any point P distance r 
= 1^11 from the centre of shell 

(2 17) 

(Actually, the signs given here for $ are 
proper only if r > -R, but wc will see in a mo¬ 
ment that there is no problem if r < J? ) Next, 
the total charge contained inside S is clearly 
zero if r < JJ, while it is 4nR^i7 \! t > R 
Therefore Gauss’s Theorem gives us E{t) in 
each region as: 

Interior points, r < R E{r) = 0, 

Exterior points, r > J? ■ 

fo 

according as ci ^ 0, 

ie.,E(r) = i^^ (2 18) 

(0 

We see that inside the shell the field vanishes' 
For points outside, it is better to express the 
field in terms of the total charge on the shell, 
q — Attract, rather than the density a. We 
then see that in complete vector form the elec¬ 
tric field IS given by 

r < R ; E = 0, 

r > E ; Eat P = E(r) = 

47rfo r-* 

(2.19) 

The inward or outward radial direction of E is 
correctly given by the sign of the charge q We 
find that at points outside the shell of charge, 
the field is as though the entire charge q had 
been concentrated at the origin' (This was 
mentioned in connection with Eq. (1.22) ) 
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Figure 2.10: Field due to solid uniformly charged 
sphere 


This result that the field inside a uniformly 
charged spherical shell vanishes identically is 
a particular and simple example of what is 
called “electrostatic shielding". It is a conse¬ 
quence of the precise inverse square law na¬ 
ture of electrostatic forces. Wc shall study 
shielding in more detail in Section 2 6. 

Next, we look at the case of a solid sphere 
of radius R. Let a total charge q be uniformly 
distributed throughout its volume. This is 
shown in Fig. 2.10. The volume density of 
charge is p = q/ jttR^ Cm~®. As in the spher¬ 
ical shell case, we expect the field to be purely 
radial, and its magnitude to depend on the ra¬ 
dial distance r alone. The total flux through 
any spherical Gaussian surface S of radius r 
13 given again by Eq. (2.17) (with o replaced 
by p) The difference is this’ both for r < Jf 
and for r > R, there is a non zero amount of 
charge enclosed by 5 . So now Gauss’s The¬ 
orem tells us, since the charge enclosed is the 
charge density times the volume of the sphere 
of radius r: 


r < R ; ± Airr'^Eir) 
1 4 


= — rTrr p 
ffl o 

according as p ^ 0, 


ie;E{r) = Mr, 
r > R . ± 47rr^i?(r) 


i.e., E(r) 


—-ttJTp 
fo 3 

according as p § 0, 


MM 

3eo 


Iql I 

47rfo 


( 2 . 20 ) 


For points outside the sphere, we have given 
the magnitude of the field both in terms of 
density p and total charge q These results 
can next be converted into complete vector 
expressions’. 

r < J? . E at P = 


r > R E at P = 


These expressions match at the surface. 

If we compare the .spherical shell and the 
solid sphere, Eqs (2.19 and 2 21), we see that 
in both cases the field at points outside is the 
same - it is as if the entire charge were concen¬ 
trated at the centre. But for interior points 
the two cases difler. For the shell, the field 
vanishes For the solid sphere, the field de¬ 
creases gradually from its value at the surface 
to zero at the centre. 


E(r) 


47reo 


( 2 . 21 ) 


•k It IS quite generally true that if we have a spher¬ 
ically symmetric charge distribution more general 
than a shell or a solid uniform sphere, the field 
at outside points is as i( the entire charge were 
concentrated at the centre. What we are allow¬ 
ing here is a dependence of the volume charge 
density on the radial distance r. It look New¬ 
ton almost twenty years to prove the analogous 
result (or gravitation This caused a correspond¬ 
ing delay in the publication o( his great book, the 
Pnncipia\ 

In the example o( a line charge treated earlier, 
we assumed we had a thin line of charge. This Is 
of course in comparison to the distances at which 
we calculate the lield. Now a simple extension 
of the previous treatment helps us to tackle the 
case of an infinitely long straight uniformly charged 
cylinder of finite thickness, of radius R. Let the 
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Figure 2.11: Field due to infinite cylinder of 
charge choice of Gaussian surfaces 


volume density o( charge now be p Cm“^ The 
problem is again essentially two-dimensional, and 
the field again purely radial 
We would like to find E(r) both inside and out¬ 
side the cylinder, i.e , for r < -R as well as for 
r > R As shown in Fig 2 11, in either case we 
use a Gaussian surface S of the same cylinder 
kind as before of radius r and of unit length. In 
each situation, the total outward flux through S 
and the charge enclosed by S, are easily calcu¬ 
lated Using Gauss's Theorem we then find 
' r < R 4> = ±2TrrE{r) = , 


ie . E{t) = Mr, 

r > R <I> = ±2717-i5(r) = ^irR'^p , 


(2 22a) 


ie,R(r)=MM, (2 22b) 

2co r- 

Here we use the upper sign for positive p and 
the lower sign for negative p In vector lorm the 
complete electric field is given by 


r>R E(r)=;^Mr (2 2.3b) 

In contrast to Eqs (2 11, 12) for the case of 
a thin line of charge, here the field is finite at 
all points, even as r approaches zero. This is 
because we have smeared out the charge Into a 
volume distribution with finite density. For t > 
R, outside the cylinder, we may identify -nR^p 
with the previous line charge density A Then the 
fields in Eqs (2 12, 23b) agree This is physically 
reasonable 


Let us conclude this Section with a remark. 
If we have a single point charge, then as a 
particular case of the results for a spherical 
shell or a solid sphere, we see that spherical 
symmetry plus Gauss’s Theorem immediately 
gives us the Coloumb Law But already for 
two point charges there is not enough symme¬ 
try to allow efficient use of Gauss’s Theorem! 
We have to fall back on Coulomb’s Law and 
the superposition principle to get the com¬ 
plete electric field 


Example 2.31 An early model ior an atom 
considered it to have a positively charged 
point nucleus of charge Zc, surrounded by 
a uniform density of negative charge upto a 
radius R The atom ns a whole Is neutral 
For this model, what is the electric field at 
a distance r liom the nucleus? 



r < R 




Ausweri The charge distribution for this 
(2.2.3a) jpod^^of-^hc-aXSnrir^shdwn in the figure 
. iA EAuc&ticB : 
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The total negative charge in the uniform 

spherical charge distribution of radius -R must 

be —Ze, since the atom (nucleus of charge Zt 

+ negative charge) is neutraJ This irnmedi- 

ately gives us the negative charge density p, 

since we must have 

^ 47rJ? „ 

Ze + —^p = 0 


3 


or 


P=- 


3Ze 


( 1 ) 


To find the electric field E(r) at a point P 
which IS a distance t away from the nucleus, 
we use Gauss’s theorem Because of the spher¬ 
ical symmetry of the charge distribution, the 
magnitude of the electric field E(r) depends 
only on the radial distance, no matter what 
the direction of r. Its direction is along (or 
opposite to) the radius vector r from the ori¬ 
gin to the point P The obvious Gaussian 
surface is a spherical surface centred at the 
nucleus We consider two situations, namely, 
r < R and t > R 

(a) T < R. The electric flux $ enclosed by the 
spherical surface is 


'!> = E{t) 47rr^ (2) 


where E{r) is the magnitude of the electric 
field at r. This is because the field at any 
point on the spherical Gaussian surface has 
the same direction as the normal to the sur¬ 
face there, and has the same magnitude at all 
points on the surface. 

The charge Q enclosed by the Gaussian sur¬ 
face IS the positive nuclear charge and the neg¬ 
ative charge within the sphere of radius r, i e , 



Substituting from Eq, (1) above, we have 
the total charge to be 


Q = Ze~Ze^ (3) 

Thus, from Gauss theorem, Eq, (2.9) and Eqs. 
(2) and (3), we find 



The electric held is directed radially out¬ 
ward 

(b) T -> R- For r > R, the total charge en¬ 
closed by the Gaussian spherical surface is 
zero since the atom is neutral. Thus from 
Gauss’s theorem, 

E(r)47rr^ = 0 
or 

E(t) = 0; r > R. (4) 


2.4 The electrostatic potential 

We know that the electric field is a vector. At 
each point in space it has a magnitude and a 
direction The use of lines of forCe helps us to 
visualize its nature and variations in space in 
a qualitative way. 

Now we develop the idea of the electro¬ 
static' polentiat This is a simpler concept 
than the electric field It i.s a scalar. So at 
each point in space the potential is just a sin¬ 
gle number. We will, however, see that in the 
static situation the potential contains just as 
much information as the field. The reason for 
this IS a special property of electrostatic fields 
to be described later. Thus property is os fun¬ 
damental as that expressed by Gauss’s Theo¬ 
rem 

We will first learn how to define and find 
the potential if the field is known Then at 
the next stage we will sec how the field can be 
determined if the potential is known. 

Potential as work done on test charge: Let 
us suppose an electrostatic field, produced by 
some sources, is given. We want to define two 
things; the potential difference between any 
two points in space; and the potential at each 
point in space 

Lct A and B be any two points in space 
Imagine carrying a unit test charge from point 
B to point A along some continuous path. At 
each point along the path an electric force acts 
on the charge. It is the product of the field 
there and the amount of charge. We have 
to just overcome this force, by applying an 
opposite force ourselves, and then make the 
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F = force exerted by ua on 
test charge = - E 

Figure 2.12: Transporting a unit charge from 
point B to point A in a given field 

charge travel along the path from B to A In 
this process we have to do a certain amount of 
work The potential difference between points 
A and B is defined in terms of this work The 
situation is illustrated in Fig 2 12. 

We use the Greek letter ip, (and sometimes 
later the letter V) to denote the potential As 
the test charge is exactly one coulomb, we say 
Electrostatic potential difference between 
point A and point B 

= ‘pW - <P(B) 

= work done in carrying 

unit test charge from B to A. (2,24) 

In practice we know that one coulomb of 
charge is a really enormous amount So we re¬ 
express our definition of potential difference in 
another way We take a test charge of amount 
Qo, which can be as small as we wish. In tak¬ 
ing it from B to A let the amount of work 
done by us be Wba It is clear that at each 
point along the path the force we have to over¬ 
come IS proportional to go Therefore the work 
done, Wi 3 Ai is also proportional to go. Then 
the potential difference between points A and 
B can be also expressed this way 

IFba = work done in carrying 
test charge go 
from B to A => 

ip{A) - <p(B) = Wbk/qo- (2.25) 

It IS important to stress that in the above 


process of transporting a charge and seeing 
how much work we do, we must keep it in 
equilibrium all along We must just counter 
balance the electric force acting on it at each 
point, to the extent of gently nudging it along 
the path we want it to follow. There should be 
no wasted efforti The work done by us may be 
positive or ncgativc-physically, in the former 
case we really exert ourselves, in the latter, 
we could extract work from the charge to our 
advantage Later examples will illustrate both 
situations 

The definitions we have given in Eqs (2 24, 
25) give the difference in potentials at any 
two points. To set up the idea of the poten¬ 
tial at a point, we need a convention We 
must agree to say that the potential is zero 
at some conveniently chosen point Then the 
potential will have a definite value at every 
other point. Usually we agree that the poten¬ 
tial vanishes at points in space infinitely far 
away from all sources (There are some cases 
where this may not be possible, namely when 
the sources themselves extend to infinity But 
these can be handled separately) Let us sup¬ 
pose we arc able to do so, Then by imagining 
the point B in Eqs (2,24, 25) to be gradually 
taken away to infinity, we get the potential 
(p(A) at a general point A in space 
Electrostatic potential at a point A = ip{A) 

= work done per unit test charge 
in transporting it from infinitely 
far away to the point A (2 26) 

This too could in general be either positive or 
negative. 

We can easily understand why the poten¬ 
tial is a scalar quantity it is because work 
IS such a quantity. Thus for a given arrange¬ 
ment of sources which produces a certain field, 
the potential at each point is just a number, 
unlike the electric field. Expressed concisely 
the electric field at a point in space tells us 
what force a test charge would feel if it were 
placed there, the potential tells us how much 
work we have to do to bring it there from very 
far away 
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SI unit for the potential-the volt' The di¬ 
mensions of the potential tp are determined by 
the definitions (2.25, 26); since we have to cal¬ 
culate work per unit charge, we get joules per 
coulomb for ip Equally well, since one joule is 
the product of one newton by one metre, we 
get the dimensions (newtons per coulomb) x 
metre for ip, which is the product of electric 
field and distance or length. This SI unit for 
potential is called the volt, after the Italian 
scientist Alessandro Volta' 

1 volt = 1 Nm C“^ = 1 JC“^ (2.27) 

So, we measure electric potential and differ¬ 
ences in potential in volts The symbol for 
volt is V. 

Suppose we have a six-volt battery This 
means we would have to do six joules of work 
to carry one coulomb of charge from the neg¬ 
ative to the positive terminal of the battery. 

Path independence of work and potential' 
Now we come to an important point which 
may have puzzled you. We^ have defined po¬ 
tential difference (and potential) in terms of 
work done on a test charge while moving it 
along a path from one point to another. How 
can we be sure that this work does not de¬ 
pend on the particular path we choose, but 
depends only on the end points of the path? 
Indeed in Eqs (2 24, 25, 26) we have antici¬ 
pated that this work is the difference of some¬ 
thing defined at the point A and something 
at the point B, quite independent of the in¬ 
termediate points along which we carry the 
test charge! 

Now this IS the very special property of elec¬ 
trostatic fields which we mentioned at the be¬ 
ginning of this Section. It can be shown that 
in such a field the work done in taking a test 
charge from a point B to another point A does 
not depend at all on the path we follow* 
It depends only on the end points A and B, 
and we can express it as the difference of two 
terms as written in Eqs (2 24, 25) For the 
simple case of the field produced by a single 
point charge, we will outline a proof of this 
later on. It is because of this property that 


r A 



Figure 2.13: Calculating potential for uniform 
field 

we are able to define the electrostatic poten¬ 
tial, and differences of potential, the way we 
have done above. 

Examples of calculating the potential. We 
shall consider now two examples: a uniform 
electric field, and the radial field of a point 
charge. Later on we shall look at some other 
important examples. 

Uniform field: Let a uniform field of strength 
E point in, say, the x-direction So in three- 
dimensional vector form the components of 
the field are 

E = (E, 0, 0) (2.28) 

Take any two points A and B m space, as 
shown in Fig. 2.13. Let their i-coordinates I e 
and XB respectively. (We will see that the 
values of the other coordinates do not matter.) 
Imagine carrying a test charge go from B to A 
along the path shown in the figure, first go to 
point C in a straight line parallel to E, then on 
to A along another straight line perpendicular 
to E (Thus C has the same .T-coordinate as A, 
namely xa ) We choose this path from B to A 
since we are free to choose any one; and this 
one IS the simplest for calculating the work 
done. 

Along BC we have to apply a constant force 
—go E, and this is opposite to the actual dis¬ 
placement from B to C Along CA the force 
we apply is perpendicular to the displacement. 
So we find; 

Work done from B to C = 
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Figure 2.14: Alternative path in uniform field 


-goE(xA - aifl), 


Work done from G to A = 0; 


kkflA = 


{ 


work done from B to A along 
any path 


= -qoE{xf,-XB). (2.29) 


We compare this with Eqs (2.24, 25), divide 
by go, and conclude that we may take the po¬ 
tential at the general point A to be 


<p{A) = -Exa (2.30) 

This IS a very simple result; the potential 
increases steadily as we move against the 
field, it decr:ea3e3 if wc move along the field 
Notice that wc have in effect agreed to set 
9 ? = 0 all over the plane x = 0 which is per¬ 
pendicular to E It is clear that in this case 
we cannot make the convention that the po¬ 
tential vanishes at points infinitely far away! 

Another sample path from point B to point 
A IS the path BCDEA shown in Fig. 2.14. 
You can see that no work is done on the 
stretches CD and EA, while the total work 
done on BG and DE is the same amount, Wbai 
found in Eq. (2,29). This should reinforce the 
statement that the work done in an electro¬ 
static field does not depend on the path at 
all. 


Point charge field’. Let a point A be located 
at a distance t-q from a point charge q. We 
want to find the potential at A For this we 
must calculate how much work we have to do, 
Wa say, to bring in a test charge go from in¬ 
finitely far away to the point A. As depicted 
in Pig 2 15, wc bring go in from infinity to 




Figure 2.15: Calculating the potential for the 
field of a point pharge 


A along the straight radial line connecting g 
and A, since this is geometrically the simplest 
path from infinity to A So we travel radially 
inwards along the dotted line 


We break up the (semi infinite) straight line 
from infinity to A into small stretches, and 
find out how much work is done over each 
stretch Let P and P' be two nearby points on 
the way, at distances r and r + br respectively 
from g. The electric field E at the point P, the 
force F applied by us when the test charge is 
at this segment, and the contribution to Wa 
from this portion, are all familiar by now 

g r _ 


E at P = 
F over segment P' P = 


47rfo ' 

-goE 
go? r 
47reo 


bWA (P' to P) 

= work done over the segment P' 

= (-£)(?)■(-» ■ 

_ gpg fir 

47reo r* ^ 

Here we have (naturallyl) denoted the vector 
from g to P by r We can reassure ourselves 
that the sign here is correct; suppose g and 
go are both positive (or both negative). Then 
they repel one another, and we surely have to 


to P 


(2.31) 
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exert ourselves and do a positive amount of 
work, to bring them nearer each other! 

Now this small contribution bWx (P* P) 
to VPa should be the difference of two terms, 
one dependent on the point P and the other 
on P'. Guided by this, and also remembering 
that br is a very small distance compared to 
r, we try to express brjr^y which occurs in Eq. 
(2 31), as approximately a difference This is 
interesting and easy We write the numerator 
as a difference, Sr — r + Sr ~ r. Then as br 
is very small compared to r, we can replace 
in the denominator approximately by the 
product r( 7 ' + br) This then gives the result 


Sr r + Sr — r 
r( 7 - + Sr) 

1 1 
r r + Sr 


(2 32) 


Using this in Eq (2,31) we see that the small 
amount of work done in bringing this test 
charge rjQ from P' to P is the difference of two 
terms. 


6w.(P'toP) = ^J: 


1 

r + 5r 


) (2 33) 


Apart from the factor this is the re¬ 

ciprocal of the distance from 5 to P minus the 
reciprocal of the distance from q to P' To get 
the total work Wa done in travelling all the 
way from infinity to the point A, we have to 
add up infinitely many such small amounts, 
one for each little segment And each such 
piece is a difference expression. When we do 
this we see that “neighbouring terms” coming 
from “neighbouring segments” neatly cancel, 
two at a time That was the whole point of 
expressing SWa (P' to P) as a difference! We 
choose a senes of closely separated points P|. 
P 2 , P3, .. from A radially outwards all the 
way to infinity, at distances X], r 2 , rj, .. from 
q. Then repeatedly using Eq. (2 33) we end 
up with 


Wa 


work done in bringing a 
test charge 50 from infinity 
to A along any path 


6Wa(P'iq P) 

all Eegmentb along 
inward radial path 


= 6VPA(P]to A) -1- 6 VPa(P21o Pi) -I- 
WA(P3toP2)+, . 

dTTfo V^Q n n ^2 r2 



gag 1 

47rfo To 


(2 34) 


And dividing this by Qq as well as replacing tq 
by r now for simplicity, wc get the potential 
(p at A’ 


{ electrostatic potential at a 
point A distance r 
from point charge q 


g 1 

47 rfo r 


(2.35) 


As anticipated, this potential vanishes if the 
point A is infinitely far away. 

Comparing the potential and the field of 
a point charge, some interesting features can 
be seen. We know that the field decreases as 
the inverse square of the distance as we move 
away from the source, in contrast the poten¬ 
tial decreases more slowly, only as the inverse 
of the distance. Conversely, as we come close 
to the source, both field and potential become 
very large in magnitude. However, the field 
increases more rapidly than the potential. 

We can see from Eq. (2 35) that for a pos¬ 
itive source, the potential is positive every¬ 
where For a negative source it is negative 
everywhere. Those make good physical sense. 
For, if q is greater than zero and we bring m a 
unit positive test charge from infinity to a dis¬ 
tance r from g, we have to overcome the force 
of repulsion between the two charges and def¬ 
initely do some work So in this case ip is po.s- 
itive On the other hand, if q were negative, 
the test charge would be continually attracted 
to the source, so we can benefit from and "get 
work out of it" while bringing it in from infin¬ 
ity. In other words m this case the work done 
by us 13 negative! 
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Proof of path independence - caie of field 
of point charqc - general field Wp now 
sketch the proof of the path indcpenclence of 
work done in moving a test charge in the field 
of a point charge, by looking at some sam¬ 
ple paths, As shown in Figs 2.16, we can 
clearly assume that the source charge q, and 
the points B and A between which we carry 
the test charge, all he in the plane of the pa¬ 
per 

Fig 2 16a shows a very simple path' a 
radial segment BC, then a circular arc CA 
Work is done only on the former, not on the 
latter segment since there the force we apply 
is perpendicular to the displacement. Another 
possible path is BDEFA in Fig 2 16b' here 
we have two radial portions BD and EF, two 
circular arcs DE and FA Again on the latter 
no work is done On the other hand, appeal¬ 
ing to our results while deriving Eqs (2 33, 34, 
35) we see that the work done along the radial 
segment BC equals the work done along BD 
plus that along EF So we have 

Work done along CA or DE or FA = 0; 

Work done along BC = 
work done along BD-F 
work done along EF, 

work done along BCA = 
work done along BDEFA. (2 36) 

We can keep increasing the number of al¬ 
ternately radial and circular segments, and 
the above kind of argument applies again and 
again. Finally, any smooth path from B to A 
as shown in Fig. 2 16c can be approximated 
by a series of short radial and circular pieces, 
and we will find that the work Hone along such 
a path is just the same as along BCA! 

For simplicity we assumed in Figs 2 16 that 
the paths from B to A all lay in the plane 
determined by g, A and B. But with a little 
thought you can convince yourself that the ar¬ 
gument will work for any path from B to A, 
even one that leaps out of the page at you, or 
ducks under it away from youl 

This proof of path independence of, work 
done can be extended to the field produced by 



q 

(0 


Figure 2.16: Path-independence of work done - 
field of point charge 
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any dislribution of source charges, by making 
use of the superposition principle Without 
giving a detailed proof, we indicate the main 
statements to give you an idea of the argu¬ 
ment’ 




work done in going from B to 
A along a given path, in field 
of any source distribution 


= E 

all point 
source 
charges 


' work done in going 
from B to A along 
I given path, in field > 
of each single point 
source charge 


(2.37) 


It is in this statement that we need the super¬ 
position principle But we have just seen that 
each contribution on the right hand side here 
IS independent of the path So this property 
holds also for the total work WqaI We express 
it explicitly as follows 

{ work done in going from B to 
A along a given path, in field 
of any source distribution 

{ work done in going from B to 
A along any path, in field 
of that source distribution 

(2..38) 


Potential of an electric dipole: Next to a 
point electric charge, the electric dipole is a 
physically very important system It is there¬ 
fore useful to find the potential produced by 
a dipole. 

As a first step let us find the potential due 
to two point charges Let the charges q\ and 
92 be located at points P] and P 2 in space, as 
shown in Fig 2.17. We want to find the po¬ 
tential at a general point A. Let the distances 
of A from Pi and P 2 be n and ri respectively. 
Then the potential at A is the sum of the po¬ 
tentials there due to q\ alone and due to 92 
alone. 



Here we used the result (2 35) for the poten- 


A 

-f 

o- 
P> 


/ 



Figure 2.17: Potential due to two point charges 

tial due to each charge; and the fact that we 
have to simply add these individual contribu¬ 
tions is due to the superposition principle as 
expressed in Eq, (2.37). 

Now let us turn to the case of a dipole As 
we learnt in Chapter 1, a dipole is described 
by a vector p representing its moment Un¬ 
like a point charge, it has both a built-in mag¬ 
nitude and a direction. And as we also saw, 
the field at a general point in space with posi¬ 
tion vector r, due to a dipole p situated at the 
origin, has a dependence not only on the. mag¬ 
nitude r of r, but also on the angle between r 
and p 

It is naturally slightly easier to find the 
dipole potential, as compared to its field, since 
the former is a scalar We have to deal with a 
special case of the result of Eq, (2.39), giving 
the potential due to two general point charges. 
For finding the field at points in the equato¬ 
rial plane, we depicted the dipole in Fig. 1.20 
as pointing "vertically upwards" Let us draw 
a similar figure for finding the potential at a 
general point 

As drawn in Fig. 2.18, we have charges q 
and -9 separated by a dnsLance 2a. The dipole 
moment p has magnitude 2aq. We want to 
calculate the potential ip at a general point A 
The vector from the dipole centre to A is r. it 
has magnitude r and makes an angle 0 with 
the dipole axis 

To use Eq. (2 39), we must take qi = q and 
92 = — 9 - We need expressions for the dis¬ 
tances marked r-] and ri in Fig. 2 18 These 
will depend on r, a and 0 We may of course 
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- Q 


Figure 2.18: Potential due to a dipole 


treat a as very small compared to r. From 
the two triangles shown in Fig 2.18, we have 
expressions for r^i and r 2 ^ 

ri^ = — 2ar cos 0, 

T 2 ^ = + c? + 2ar cos 6, (2 40) 


We neglect 

in these expressions and 

retain 

only terms upto linear in a. 

Then, after 

taking 

square roots, we have 



n ~ (r^- 

2arcos 



= r(l ~ 

—cos oy^^i 
r 



r2 (t-^-P 

2ar cos 0)^^^ 



+ 

II 

- cos oy/^ 

r 


(2.41) 


For their reciprocals we then get the ajj- 
proximate expressions 

1 ~ 1(1 cos 0)-'/^ 

ri r r 

1 / “ 

~ -(1 H— cos!?), 
r r 

— ~ -(Id -cos0)“’'^^ 

Ti r T 

~ 1(1 ——cos 0) (2 42) 

r r 

With the help of all these, we can use Eq. 
(2 39) to say that the dipole potential at the 
general point A is given by 


(/3(A) = 


? 

47reo 



q 1 2a cos 0 
diTfo r r 
|p1 cosO 
'Inco 


(2 4.3) 


This becomes more compact if we use the vec¬ 
tor r and its scalar product with p Since 


p r = |p| r cosO 


(2 44) 


we have the result. 

electrostatic potential at 
point A with position vector 
r due to dipole of moment 
p at the origin. 

1 p • r 
47rfo 

It is natural to compare this with the po¬ 
tential (2 .35) due to a point charge. We can 
see that (a) in a fixed direction, i,e., fixed 6, 
the potential varies as 1/r^ here rather than 
as 1/r; (b) even for a fixed distance r, there 
is now a dependence on direction, i c , on 0 
These are the ways in which the fact that we 
are dealing with a dipole, with an inbuilt sense 
of direction, shows up in the electrostatic po¬ 
tential . 



★ We can easily extend the result (2 39) to 
lind the potential due to any number, N say, 
of point charges gi,g 2 i ■ ■ tQN located at points 
P 11 P 21 ■■iPjv Ti space II a general point A is 
at distances n,r 2 ,.. ,rw horn Pi, P 2 . Pn re¬ 

spectively, the potential there is 


<a(A) = ^(^ + ^ + 
47reo \ r^i ^2 


rN J 

(2 46) 


At the next step we can ask for the potential 
due to any continuous source distribution The, 
answer is simple in principle, divide the source' 
into many small portions, treat each one as a 
point charge, then use the result (2 46)' In the 
limit as the portions become indefinitely small, we 
have an integral rather than a sum In this way 
we could find the potential due to a uniform line 
charge, uniform plane sheet etc , but we will omit 
the details 

One case worth explicit mention, however, is 
that of a spherically symmetric distribution of 
charge We have seen that at points outside the 
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Figure 2.19: Potential due to spherically aym- 
metnc source at outside points 


source the field is the same as if all the charge, 
q say, were concentrated at the geometrical cen¬ 
tre of the distribution So, while calculating the 
work done dn a test charge in bringing it in from 
infinity to some point A outside the source, we 
would never notice the difference between the ac¬ 
tual source and a point charge q sitting at the 
centre' Then, if as in Fig 2 19 we denote by r 
the distance from the centre of the source to the 
point A, we have 


(p(A) 


Potential at a point A outside 
spherically symmetric source 
of total charge g 


Q 1 
4irfo r 


(2 47) 


★ 


JSqmpotentiaL surfaces - from the potential 
to the field As we have said often, the poten¬ 
tial (p being a scalar is simpler than the field 
E Upto now we learnt how to find yj from 
E. just see how much work has to be done to 
carry a unit test charge along a path in the 
field If conversely E could be found from ip, 
that would greatly simplify the calculation of 
the field due to a given source' first finSd the 
potential ip, then use it to obtain the field E 
Towards this, we develop the idea of 
equipotential surfaces, or equipotentials In 
a given field produced by some source dis¬ 
tribution, kn equipotential surface is a (two- 
dimensional) surface all over which the elec¬ 
trostatic potential q? has a constant value We 
illustrate this with two simple examples 
Take the case of a uniform field of strength 
E in the a:-direction We found in Eq (2 30) 


Equipotential 



Figure 2.20: Equipotentials m a uniform field 

that the potential ip at any point A depends 
only on the r-co-ordinate of A So all over a 
plane with constant a-coordinate hut vary¬ 
ing y and z coordinates, the potential has a 
constant value For a uniform field, then, the 
equipotential.surfaces are planes perpendic¬ 
ular to the field direction. These are indi¬ 
cated in Fig 2 20. 

Take next the ciuse of the field of a point 
charge. We found in Eq (2 .35) that the po¬ 
tential at a point A distance r from the charge 
is proportional to the reciprocal of r. This 
immediately tells us’ the equipotential sur¬ 
faces here arc surfaces of spheres (of varying 
radii) centred on the charge Now we know 
that the field i.s purely radial So wc see, as 
in the previous example, that again the field 
at any point is perpendicular to the equipo- 
tential passing through that point In Fig 
2.21 we show a few equipotentials for a point 
charge, chosen so that the potential changes 
by equal amounts as we go from one surface 
to the next one 

For more complicated sources — two or 
more point charges, dipole, etc. — the equipo- 
tential surfaces are more complicated But 
some important general physical properties 
can be easily understood 

Firstly, at any point A in a general field, 
the electric vector E must be perpendicular 
to the equipotential surface passing through 
A, This is because if we move a test charge a,t 
A to any nearby point A' on the equipoten^ 
tial, we do no work as the potential has not 
changed But then this means that E has no 
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Figure 2.21: Equipotcntials around point charge 



Figure 2.22: Relating cquipotentml to direction 
of E 

component along any tangential direction at 
A lying within the equipotential surface So 
E, as shown in Fig. 2 22, is perpendicular to 
the equipotential. We have seen this explic¬ 
itly in the simple cases of a uniform field, and 
the field of a point charge 
Secondly, as illustrated in Fig. 2.2.3, let us 
imagine moving a unit test charge from A to 
a nearby point B (lying on a neighbouring 
equipotential surface) in the direction of the 
field E at A. We can equate the work done to 
the change in the potential’ 

Potential at A = ip, 

Potential at B = ip Sip, 

Work done = —E • 61 
= -\-E\6l; 

-|E|6f = Sip. 



Equipotentials 


Figure 2.23: From the potential to the field 

(2.48) 

Here SI ;s the distance between points A and 
B. The negative sign is understandable as we 
saw in the case of a uniform field, Eq. (2 30), 
the potential decreases as we move in the 
field direction And for a small displacement 
we can suppose the field to be approximately 
uniform We can now interpret Eq (2 48) by 
saying that the magnitude of the field'is given 
by the change in potential per unit distance 
perpendicular to the equipotential surface. 

To sum up- the field at any point is perpen¬ 
dicular to the equipotential surface there, and 
points in the direction of decreasing potential 
Its magnitude is the magnitude of the rate of 
change of potential as we move normal to the 
equipotential These general rules to obtain 
the field E from knowledge of the potential p 
are seen to work in the two simple cases of the 
uniform field, and the field of a point charge, 
which we studied in detail earlier. 

2.5 Relation between potential and 
potential energy 

In our study of mechanics, and motion under 
gravity, we learnt about kinetic energy and 
potential energy These are two forms of en¬ 
ergy possessed by a body moving under the 
influence of given forces While the kinetic 
energy is more easily "visible" in terms of the 
actual movement of the body, the potential 
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energy is a kind of "stored" energy — the 
body has moie or less of it depending on its 
location. 

The close connection between the electro¬ 
static potential, which we have studied in the 
preceding Section, and potential energy due to 
electrical forces, is now easy to trace It fol¬ 
lows from the way we defined the potential as 
v/ork done in moving a unit test charge from 
place to place. We introduced the symbol 
for the potential. When needed, and to clearly 
distinguish one from the other, we shall write 
U for electrostatic potential energy 


Potential energy for a system of point 
charges Let us consider a simple system of 
just two point charges, qi and 52 . Suppose 
they are initially far away (infinitely sepa¬ 
rated) from one another. We want to know 
how much work has to be done to start from 
this situation and gradually bring qi to a lo¬ 
cation P] (position vector ri) and q<i to a loca¬ 
tion P 2 (position vector r 2 ) We can ask this 
in another way: keeping gj fixed at P], how 
much work do we have to do to bring in qi, 
from infinity to P 2 ? This is easy to answer. 

The charge gi at Pi leads to an electrostatic 
potential (p all around it. At the point Vi this 
potential has the value (see Eq. (2 .35)) 



value at Pi of potential 
due to gi at Pi 


gi 1 
direo Iri-rjj' 


(2 49) 


The work we have to do on g^ in the process 
described above is then the product qi <p(P 2 ). 
In slightly different words we can say 

Work done in assembling two point charges 
gi and qi from infinite separation to the posi¬ 
tions T] and r 2 


= Um 


I gigz 
dTTfo |ri - r2|' 


(2.50) 


We must interpret this expression as the 
potential energy stored in the system of 
charges We can reassure ourselves of this 
by considering, for example, the case gig 2 > 0 
when the charges repel one another. If we 


have brought them near one another from in¬ 
finitely far away, we have certainly done some 
work in the process We could recover this 
work or energy by allowing the charges to 
move apart on account of their repulsion, then 
their stored potential energy gets converted 
into kinetic energy. Of course, if q^qi < 0 , we 
could have extracted work from the charges 
by allowing them to come close together from 
infinite separation 

To appreciate again that one coulomb of 
charge is really immense, we can now see that 
the work we must do to bring two such charges 
together from infinity to a separation of one 
metre is 9 x 10®J, quite a lot by human stan¬ 
dards. If we are willing and able to do this 
much work, it will not be lost but will be 
stored as potential energyl 

Where is the potential energy located'!’ Is it 
at the location rj of gj, or r 2 of qi, or may be 
somewhere in between? Actually the symme¬ 
try of the energy Eq, (2.50) in rj and r 2 indi¬ 
cates the answer: we cannot locate this po¬ 
tential energy at any precise place, it belongs 
to the system as a whole For instance, if 
< 0 > potential energy is negative we 
have to supply energy from the outside (i,e., 
do work) to pull the two charges apart. 


★ It IS easy to generalize the result, Eq. (2 50), 
and get an expression lor the potential energy of a 
system ol point charges gi, g 2 , gj,. ■. at positions 
ri,r 2 , ra,.,, It Is just the total work we have to 
do to bring them to these positions from infinitely 
great mutual separations We do this in a step 
by step manner To begin, consider jUst three 
charges. At first bring gj to ri and qi to r 2 . 
this requires the amount of work Lhi given in Eq 
(2 50), Then bring in gi from infinity to rs: we have 
to work against the forces that gi and qi exert on 
It. This work is clearly the product of g^ and the 
total potential at ts due to gi and qi combined. 
For the latter we have an expression in Eq (2 39), 
Wg only need to replace rj and ri there by the 
distances |r 3 —r]| and |ra —r 2 | respectively So 
the work done in this second stage is 

93 7 ^ ( ——I -F — 1 1 (2 51) 

Awfo ilra-ril Irg-rzIJ ^ 
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Adding this to the previous expression (2 50) we 
see that the total work done in assembling the 
system of three charges, i e , its potential energy, 

IS 

Potential energy of system 
of three point charges = 

1 f q\Q2 ^ gi93 
47rfo llrj-rjl Iri-raj 

Irs -ral J ' 

(2 52) 


From this expression the pattern becomes 
clear we have one contribution tor each dis¬ 
tinct pair of point charges; each such contribu¬ 
tion has the general form we see in Eq (2 50). 
So for a system of four point charges, there are 
SIX contributions to the potential energy from the 
SIX distinct pairs 12, 13, 14, 23, 24, 34: 


Potential energy of system 
of four point charges = 

1 / 9192 9193 

47rco llri-rjl Iri-rjl 


+ 


919-1 

Iri - r^l 


4- 


9293 


929-1 


|r2-r.-i| |r2-r,,| 

And so on for more charges 


939-1 

1^3 - r4| 


(2.5: 


potential energy of a charge in a given 
field'. Next we consider a sightly different sit¬ 
uation. Let some system of sources create a 
certain field with a potential ip. (We suppose 
that ip vanishes at infinity). If we now bring in 
a charge q from infinity to a point A with posi¬ 
tion vector r (here we do not view q any more 
as a test chargcl), the work we do is stored as 
potential energy of this charge: 

Potential energy of charge 
q at position r in a given field 

= 9 <p(r) (2.54) 

This is on account of the interactions between 
the charge q and the sources producing the 
potential (p. 

We can appreciate this result with the help 
of some remarks. Suppose the charge q is pos¬ 
itive, and we move it from a place of lower to a 


place of higher potential. We definitely exert 
ourselves and do a certain amount of work in 
the process But this effort is never wasted, it 
is stored as potential energy of the charge q. 
This IS similar to increasing the gravitational 
potential energy of a massive body by rais¬ 
ing it through some height above the earth’s 
surface. For ij- < 0 , of course, the potential en¬ 
ergy increases if it moves from higher to lower 
potential — this has no analogue in the case 
of gravity 

The result (2.50) for the potential energy of 
a pair of point charges is a particular case of 
the present discussion. We can view it as the 
potential energy of q 2 because it is in the field 
created by qi, or the other way around. But 
as we said earlier, it is more useful to regard 
this potential energy as being "jointly owned" 
by the pair of charges! 

A charge of one coulomb, if it "moves up" 
by one volt, increases its potential energy by 
one joule In atomic physics and chemistry, 
a more convenient unit of energy is the elec¬ 
tron volt, written as eV. It is the potential 
energy gained or lost by an electron in mov¬ 
ing through a potential difi'erence of one volt. 
Since the charge on an electron is —1 6 x 
C (see Eq ( 1 . 8 )), we have 

1 eV= 1.6 X 10-’“ J. (2.55) 

Related units are the milli (10“^), kilo (10“), 
mega (lO”) and giga (10®) electron volts, writ¬ 
ten as meV, keV, MeV, GeV, respectively. 

We can easily extend the case of one charge 
in a given field to two charges in the field 
What then is their total potential energy? We 
see that there are three distinct contributions: 
(i) the potential energy of qi due to Its inter¬ 
action with the sources; (ii) that of 92 due to 
its interaction with the sources; (iii) the po¬ 
tential energy due to the interaction between 

and 92 - If 9i And q 2 are at positions rj and 
r 2 , as shown in Fig. 2 24, and the potential 
due to the sources is (p, we get: 


Potential energy of two point 
charges in a given field = 
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Figure 2.24: Potential energy of two charges m a 
given field 



Figure 2.26: Potential energy of a dipole in a 
uniform field 

gi V’(ri) + 92 V5(r2) + — - -r- 

dTTfo jri - ral 

(2 56) 

As a useful special case of this result we can 
find the potential energy of a dipole in a given 
field! For simplicity let us suppose that the 
field is uniform, and points in the ^-direction. 
Then its potential tp is given by Eq. (2 30) 
The situation is pictured m Pig. 2 25. The 
dipole, consisting of charges ±9 a distance 2 a 
apart, is in general aligned at some angle 0 
with the field. So the ^-coordinates of the 
two ends ±9 are ±acos 0 

In the complete expression (2.56) we omit 
the last term since it has a fixed value for a 
given dipole, which is not affected by the ex¬ 


ternal electric field (This is the energy liber¬ 
ated in the piocess of forming the dipole ) So 
the result we get is 

Potential energy of a dipole in a uniform field 
= qtp{a,t X = a cos 0) — 
q(f (a.i x= —acosO) 

= q{—EacoR0) — q{+Eacos9), 
using Eq (2 30) 

= —2aq E cos 0 
= —(p| |E| cosf? 

= -p • E (2.57) 

We have brouglit in the magnitude 2aq of the 
moment of the dipole, and finally expressed 
the potential energy directly in terms of the 
two vectors p end E. 

We can nicely connect this result with what 
we learnt in Section 1.8 of the preceding chap¬ 
ter There we saw that in a uniform electric 
field a dipole experiences a torque, given by 
Eqs (1 33, 34). The torque tends to align the 
dipole along the field, or in other words to 
bring the angle 6 towards zero. The torque 
thus acts in such a way as to reduce the po¬ 
tential energy of the dipole to its minimum 
value, which occurs at 0 = 0 . 

Contrasting the effects of an electric field on 
point charges and on dipoles, we can concisely 
express what we learnt in the preceding Chapi¬ 
ter and in the present one; the field vector E 
determines forces on point charges, torques 
on dipoles, and potential energies of dipoles 
For forces on dipoles, we need a nonuniform 
electric field, or the rate of change of E with 
positioni 

2.6 Electrostatics of Conductors 

In Section 1.4 of Chapter 1 we briefly stud¬ 
ied atomic structure, and the different electri¬ 
cal properties of bulk materials. In particu¬ 
lar, wc saw that materials can be broadly and 
usefully classified into conductors and insula¬ 
tors (also called dielectrics) The former have 
freely moveable electrons inside them, the lat¬ 
ter do not. Even in a conductor, while elec¬ 
trons do move freely inside the material, they 
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normally cannot escape from the conductor 
by passing through its surface, unless there is 
contact with something external 

We have aJso studied properties of elec¬ 
trostatic fields produced by given (static) 
sources We assumed that the source charges 
are placed at definite locations, and are then 
“held there” by some means. To some ex¬ 
tent these are ideal situations Nevertheless, 
through them, we have learnt the fundamen¬ 
tal properties of electrostatic fields which are 
valid under all circumstances. These in¬ 
clude Gauss’s Theorem, the path indepen¬ 
dence of work done, the concept of the po¬ 
tential, and equipotential surfaces. 

Now we discuss briefly the behaviour of con¬ 
ducting bodies when placed in an electrostatic 
field. We would like to know; what are the 
general features of this behaviour; and what 
are the conditions that are always obeyed in 
such situations? What can we say about the 
field, the charge distribution, and the poten¬ 
tial, in and near a conducting body in static 
conditions? 

Behaviour of field, charges, potential: Now 
the word static means that nothing changes 
with time. In the present context it means 
that there is no movement of charges, no 
current, in the interior or on the surface of 
each conductor. But we know that because 
there are free charges in a conductor, if there 
were any nonzero field in the interior, there 
would surely be a current and things would 
not be static! Similarly at the surface too, 
or just outside, the electric field can have no 
tangential component. If it did, there would 
have been a surface current (Both in the in¬ 
terior and at the surface, presence of a field 
leads to a current. Conversely, existence of a 
current requires presence of a field - otherwise 
there is no cause for the free charge to move!) 
The knowledge then that in static conditions 
there is no current allows us to say the field 
must vanish in the interior of every conductor. 
And just outside the surface it can only have 
a normal component, 

These facts lead via Gauss’s Theorem to an 


important conclusion: there can be no charge 
in the interior of a conductor. For, if we imag¬ 
ine any closed surface S inside a conductor, 
the total outward flux through S is zero, be¬ 
cause the field vanishes all over S Therefore 
the total charge enclosed within S is zero. But 
we are free to choose S as we please, provided 
it is totally inside the conductor, Then the 
statement made above immediately follows. 

The vanishing of the field inside a conduc¬ 
tor also tells us something about the poten¬ 
tial throughout its volume. For, if we imagine 
trying to move a test charge from one place to 
another within the conductor, we do not have 
to do any work at all: there is no electric force 
to overcome. Therefore ail points within (and 
on the surface of) a conductor are at a com¬ 
mon constant potential. (Of course different 
conducting bodies could be at different con¬ 
stant potentials.) So each conducting body is 
a (three-dimensional) equipotential volume, 
rather than just a (two-dimensional) equipo¬ 
tential surfacel 

Where then can charges reside on a con¬ 
ducting body? Since the interior is ruled out, 
the only place is the surface! Suppose a con¬ 
ducting body (which may be overall neutral, 
or which may carry some net nonzero charge 
which we have given to it) is brought into an 
already existing field. At first, all the con¬ 
ditions we have deduced above may not be 
obeyed. In that case, the freely moveable 
charges within the conductor (and any excess 
charges we may have euideo) will quickly move 
and redistribute themselves. They will create 
additional fields such that after a very short 
time the conditions described above are all 
obeyed, and everything is static once more. 

We have learnt several things about fields, 
charges and potentials in relation to conduc¬ 
tors in an electrostatic field We list them 
now, and illustrate them pictorially in Fig 
2 . 26 . 

(i) In the interior of each conductor, the 
electric field and the volume charge den¬ 
sity both vanish. 

(ii) Therefore charges in a conductor can 
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Figure 2.26: Characteristics of a conducting 
body in electrostatics 

only be at the surface. 

(ill) Immediately outside the surface of each 
conductor, the electric field is perpen¬ 
dicular to the surface, pointing either 
' outwards or inwards. 

(iv) The entire body of each conductor, in¬ 
cluding its surface, is at a constant po¬ 
tential 

We have described these general features 
in a macroscopic way, ignoring details on the 
atomic level. In fact, the surface region of a 
conductor is normally about two atoms thick, 
or some 2 x 10^'*' m (i.e 2 A) The surface 
charge density a need not be constant. It will 
always adjust itself, being positive in some 
places and negative in others if necessary, so 
that the basic conditions we have found are 
fulfilled. If there is any excess charge on the 
conductor (either electrons added or taken 
away or positive ions injected), the total sur¬ 
face charge will be equal to it. 

★ Here is a somewhat more detailed picture of 
what happens in a conducting body, Suppose lor 
example by some means we inject some positive 
charge Q into a metal-lor instance, by expos¬ 
ing It to a’ beam of charged particles produced 
by an accelerator But we said there cannot be 



Figure 2.27: Screening and attaining static con¬ 
dition in a conductor, 

any charge inside a metall So what has hap¬ 
pened? The Iree electrons roaming around inside 
the metal get attracted to Q, and move In and 
around it This takes place over a certain (short) 
period of time At some intermediate stage the 
total electronic charge surrounding Q may not yet 
balance it exactly, so there is still a net positive 
charge there Then more free electrons will be at¬ 
tracted and crowd in (to watch the fun) until there 
are enough to exactly neutralise Q This is called 
"screening" - the positive charge Q Injected into 
the metal from the outside has got perfectly neu¬ 
tralised As indicated in Fig 2,27, in good metals 
this takes place over a length scale o( about one 
A(10-i°m) 

Now the electrons screening Q have come Irom 
elsewhere in the metal. Those regions thus be¬ 
come positively charged In turn electrons (rom 
yet elsewhere move in there, and so on The 
process stops at the surface, which therefore fi¬ 
nally has a deficit of electrons. Thus in the end a 
surface layer of positive charge, of total amount 
exactly Q, gets created The thickness of this layer 
(absence of electrons) is, as we have said in the 
mam text, about one or two A 

This description explains In a physical manner 
why in a system with free electrons (a metal), 
under static conditions 
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outside 

E 



density o 

Figure 2.2S: Applying Gauss’s Theorem across a 
conducting body 

(i) there is no net charge in the interior, 

(II) there is no electric lield in the interior, 

(III) charges can reside only at the surlace, 

A simple use of Gauss's Theorem tells us the 
relation between the electric field E at any point 
]ust outside a conducting surface, and the surface 
charge density cr there We show In Fig 2 28 
a portion of the surface, and a suitable Gaus¬ 
sian surface S a short cylinder (pill-box) of small 
cross-sectional area <55 and negligible height, halt 
inside and hall outside the conductor The total 
outward flux through S is ±|E|6S, according as 
E )ust outside the conductor points normally out¬ 
wards or inwards There is no contribution to the 
flux from the sides of S, or from the "face" inside 
the conductor The total charge enclosed within 
S IS cr6S So Gauss's Theorem (2 9) gives 

±lE|fiS = -afiS 
fo 

according as E 
IS outwards or inwards, 

IB, 



E points outwards or 

inwards according ascr § 0 (2 58) 

This connection between the direction of E and 
the sign of a has been used in Fig. 2 26 if 


Electrostatic Shielding We have contrasted 
the conditions existing just inside a conduct¬ 
ing body from those just outside. Now sup- 
ptose we have a cavity - a hollow volume or 
region of space - embedded inside a conduc¬ 
tor. In a sense, this region too is outside the 
conductor] What more can be said about 
the field inside a cavity, and the charge dis¬ 
tribution on the inner walls of the conductor 
bounding the cavity? 

Wc know from Section 2.3 (see Eq. (2 19)) 
that in the interior of a uniform spherical 
shell of charge the electric field vanishes. (In 
particular if the shell had been a conductor 
with some net charge placed on it, this charge 
would have spread itself uniformly over the 
sphere, and the field inside would be zero.) 
But for this result to be true, the spherical 
symmetry was essential. So if the shell were 
even a tiny bit nonsphencal, there is the pos¬ 
sibility that the field inside may not exactly 
vanish 

Fortunately it is a remarkable fact that in¬ 
side a cavity of any shape inside a conduc¬ 
tor, if there is no charge there, the field is 
strictly zero. This property is called elec¬ 
trostatic shielding. As an immediate conse¬ 
quence, using Gauss’s Theorem, we find that 
there are no surface charges at all along the 
inner walls of the conductor surrounding the 
cavity This is shown in Fig 2 29. We can 
also see that the same constant value that the 
potential has in the body of the conductor, 
say ip = tpo, persists all over the cavity region 
too. 

A practically important consequence of 
shielding is that in a thunderstorm accompa¬ 
nied by lightning (more on that m Section 
2 9), it is safest to be inside a bus or car, 
rather than near a tree on open ground! 


★ It IS an interesting historical fact that be¬ 
fore Cavendish and Coulomb had experimen¬ 
tally established the inverse square law, Benjamin 
Franklin had found that the field inside a conduct¬ 
ing shell of charge was zero He consulted J 
Priestley about it Priestley was aware of a sim¬ 
ilar result in gravitation inside a spherical shell 
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Figure 2.29: Ilhistrating electrostatic shielding 

of mass IhG gravitational field vanishes, So he 
suggested that here too an inverse square lavir 
of force may be at work Cavendish's experi¬ 
ments were done five years later (but results not 
disclosed for a long timei), and Coulomb's after 
another thirteen years' 

I 

★ 


+9 -q 



Suppose first the charge -fq is brought to 
A, and then the charges —q,+q, and-q are 
brought to B, C and D respectively. The total 
work needed can be calculated in steps. 

(i) Work needed to bring charge +q to A 
when no charge is present elsewhere. 
This is zero. 


Let us conclude this Section with a remark 
which we explore in more detail in Section 
2 10. While it is true that charges on a con¬ 
ductor (in static conditions) can reside on its 
(outer) surface alone, they need not generally 
be spread uniformly all over the surface with 
a constant density In fact what happens is 
that surface charges tend to accumulate near 
sharp points or corners on the surface, rather 
than over smooth portions But as we said, 
we shall come back to this later. 


Example *.4 1 Four charges are arranged 
at the comers of a square ABCU of side as 
shown (a) Find the work required to put 
together this arrangement (b) A charge qo 
Is brought to the centre E of the square, the 
four charges being held fixed at Its comers 
How much extra work Is needed to do this? 

Answer t (a) Since the work done de¬ 
pends on the final, actuil arrangement of the 
charges, and not on how they are put together, 
we calculate the work needed for one way of 
putting the charges at A, B, C and D. 


(ii) Work needed to bring charge —q to B 
when +q is at A. This is given by (charge 
at B) X (electrostatic potential at B due 
to charge -f q at A) 


)=- 


47reo(i 


and 


(iii) Work needed to bring charge -|-g to C 
when +g is at A and —g is at B, This is 
given by (charge at C) x (potential at 
C due to charges at A and B) 


= +g( 


+q 


47reod\/2 


-f 


4;rfod / 



47rfQd 



(iv) Work needed to bring — q to D when -l-q 
is at A, —q at B, and -|-q at C This is 
given by (charge at D) (potential at D 
due to chargee at A, B and C) 




■(-g) 


V47reod 47rfQdV2 
471 \/2'* 


+ 


— 1 
47reQd / 
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Add the work done in processes (i), (ii), (iii) 
and (iv). The total work required is 



The work done depends only on the arrange¬ 
ments of the charges, and not on how they 
are assembled By definition, this is the total 
electrostatic energy of the charges. 

(b) The extra work necessary to bring a 
charge qtj to the point E when the four charges 
are at A, B, C and D is just (^q) (electrostatic 
potential at E and D is just due to charges at 
A, B, C and D) 

r g , (-?) 

° 147reo (d/ V^) 47reo (d/ V^) 

+ + _iz5L_\ == 0 

47reo(d/\/2) 47rfo(d/\/2) J 


2.7 Capacitors and Capacitance 

We have now gathered enough background 
knowledge of the basic principles of electro¬ 
statics to understand and appreciate the prop¬ 
erties of a practically important electrical de¬ 
vice — a capacitor. This device is used for 
many purposes — to store electric charge, to 
store electrical energy; to either absorb or re¬ 
lease large amounts of charge without devel- 
" oping unduly high potential differences, and 
so on. It is used in these ways in, for in¬ 
stance, radio and television sets, electronic in¬ 
struments, and computers. 

It is a good idea to first grasp the concept 
of a capacitor in general, and then to learn 
about simple examples of it. In this Section, 
in accordance with usual custom, we shall use 
V rather than (p for the electrostatic potential 

What is a Capacitor?: In most general 
terms, a capacitor is any combijii'lian of two 
conducting bodies separated by an insula¬ 
tor. They may be of any shapes and sizes. 



Figure 2.30; General concept of a capacitor 

and should be in some definite position rela¬ 
tive to one another To begin with, in this 
Section we assume they are situated in vac¬ 
uum The effects, and advantages, of being 
immersed in or separated by some dielectric 
substance, rather than being m vacuum, will 
be taken up in the next Section 
How exactly do we use, or exploit, such a 
system? Let us call the two conducting bod¬ 
ies as 1 and 2 - they are often referred to as 
the "plates" of the capacitor Suppose we put 
a total charge Q on conductor 1, and an op¬ 
posite charge -Q on conductor 2. (This may 
be done by briefly connecting them to the two 
poles or terminals of a battery.) From the pre¬ 
ceding Section we learn that these charges will 
spread themselves on the (outer) surfaces of 
the conductors, in such a way that the whole 
of each conductor will be at a certain con¬ 
stant potential. Suppose the potentials of the 
two conductors are Vi and V 2 (relative to the 
potential being zero at infinity). A certain 
electrostatic field will also be built up in the 
space outside the two conductors. The poten¬ 
tial difference V = — V 2 is just the work 

done in carrying 1 C of charge from any point 
on the surface of body 2 to any point on the 
surface of body 1, along any path L m space. 
All this IS indicated in Fig 2.30. 

Now the capacitance of the capacitor is de¬ 
fined as the ratio of charge put on each con¬ 
ductor to the potential difference developed 
between them: 

C = QjV coulomb/volt (2 59) 



70 


PHYSICS 


In SI units this is called the farad ^ written F, 
in honour of Faraday: 

1 F = 1 farad = 1 coulomb/volt, (2 60) 

We can easily see an important property 
of the capacitance of a capacitor. Suppose 
we double (or halve) the magnitude of the 
charges ±Q we put on the two bodies Then 
from the superposition principle we can see 
that the potential at each point becomes dou¬ 
ble (or half) Its previous value. So also for 
the potentials V\ and Vi at the two conduc¬ 
tors, and their difference V . In fact, changing 
the amount of charge Q by any factor makes 
Fi,l^,F change by the same, factor So the 
capacitance does not change at alll Thus for a 
given capacitor, we can find its capacitance by 
putting any charges iiQ on it, however small; 
finding the potential .difference V that is pro¬ 
duced, and taking the ratio The capacitance 
of a capacitor is determined purely geomet¬ 
rically by the shapes, sizes, and relative posi¬ 
tions of the two “plates”, and by nothing else. 
(Of course if they are separated by a dielec¬ 
tric, there is an important effect; we come to 
that, as we said, in Section 2.8.) 

The pictorial symbol for a capacitor with 
fixed capacitance is Hh. If the capacitance is 
variable, it is shown as /If- 

Desirabikty of large capacitance - immen¬ 
sity of the farad'. The capacitance of a ca¬ 
pacitor tells us how much potential difference 
V will be created if we wish to store a definite 
amount of charge Q on it' 



It is a matter of practical importance to avoid 
too high “voltages” V appearing when we 
dtore this charge. Prom this point of view we 
naturally like to have capacitors with large ca¬ 
pacitance. it can then “hold” a large amount 
of charge Q without “running up” too high a 
potential difference V. 

The reason for this concern is this' in the 
presence of very high potential differences, 
and accompanying high electric fields, the air 
surrounding the capacitor gets ionized The 


Charge density c 



Area A 


+ + + + + + 


Field £= a/Eo III! 


\ 

d 

* 


Charge density - a 


Figure 2.SI: Parallel plate capacitor arrange¬ 
ment non-zero field only between plates 

outermost electrons in some of the atoms and 
molecules get torn away, may be by collisions 
with a stray electron or ion which has been ac¬ 
celerated to great speed by the intense field 
This creates a pathway by which the charges 
we have put on the capacitor plates can leak 
away Such “breakdown” of air by ionization 
(loss of its insulating power) occurs at fields of 
about .3 X ]0®K/m. Remember that a charge 
of one C produces a field of 9 x lO^K/m one 
meter away, so though these are large fields, 
they are not unimaginably largel The max¬ 
imum electric field that a dielectric material 
can tolerate, beyond which it loses its insulat¬ 
ing property and starts conducting electricity 
through partial ionization, is called its dielec¬ 
tric strength. 

Still, while large capacitances are desirable, 
the SI unit of the farad is immensely large. 
A practical illustration of this will be seen 
very soon. And in an optional Section we de¬ 
scribe why this IS so. So for practical pur¬ 
poses one makes capacitors with capacitances 
in the micro farad (pF = 10“® F) or pico farad 
(pF = 10"^* F) ranges. 

The Parallel Plate Capacitor'. Now we 
look at the simplest example of a capacitor, 
namely a parallel plate capacitor shown in 
Fig. 2.31. It consists of two (large) plane 
parallel conducting plates, each of area A say, 
separated by a (small) distance d. If the plates 
had been infinite in extent, and if we had put 
uniform charge densities icr on them, then 
we know from Section 2 3 (see Eq. (2.16) and 
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the following discussion) that there would be 
a uniform field from the positive to the neg¬ 
ative plate. Elsewhere the field would vanish. 
The strength of the field is given in Eq. (2.16)- 

E=-. (2 62) 

For very large area A, we expect that ex¬ 
cept at the very edges the field remains uni¬ 
form and perpendicular to the plates, with 
the above value. Edge effects would be small 
provided A » d®. Then, since the field is 
uniform, the potential difference between the 
plates is 

(rd 

V = Ed=—. (2.63) 

fQ 

The total charge on each plate is ±Q = ±crA 
Talcing the ratio we get the result. 

Capacitance of a parallel plate capacitor 

C- ^ 

^ V 

= A./^ 

(Q 

A 

= 

~ 8.85 X 10-*^ X F (2 64) 

(d in m) 

You can see clearly that the capacitance is 
determined purely geometrically In fact, for 
any capacitor, the capacitance C has the form 
of fa multiplied by some length. 

Incidentally, by taking A = 1 and d = 
1 m we see that we can express the constant 
fo in this way. eg ~ 8.85 X 10“'^ farads per 
metre. This is merely a consequence of the 
way the farad is defined! 

Now we can directly see how Immense the 
farad is Suppose we want a parallel-plate ca¬ 
pacitor with one farad capacitance Let the 
gap between the plates be d = 1 cm = m 
- a reasonable gap Let us estimate the area 
A of each plate. We find from Eq. (2 64) 



fQ 


= (1 X 10“^ X 10’V8.85)m^ 
~ 10® m® 


~ (3 X 10'' m)'' 

= (30 km)® (2 65) 

So, if each plate was a square, each side must 
be 30 km longl That is how large one farad 
is! We could decrease the area A somewhat 
by reducing the gap d, but just cannot escape 
the enormity of the fartul. 


★ Why IS It that the farad is so inconveniently 
large"? You may be surprised to find that we can 
trace it all the way to this fact in any system 
of length and time units convenient for daily hu¬ 
man needs, the speed of Light is enormously 
large In SI units this speed is about 3 x 10®m/s, 
in CGS units it is 3 x 10'° cm/s 
We have to use a two step argument to see the 
connection First, we have appreciated the tact 
that the SI unit of charge, the coulomb, is very 
large by daily standards As a result, since the 
joule IS a "reasonable" unit of energy, and the SI 
unit of potential difference, the volt, is one joule per 
coulomb, the volt is correspondingly very small 
So the farad, the ratio of the coulomb to the volt, is 
“doubly large" More precisely, its largeness goes 
as the square of the largeness of the coulomb 

One F = one C/V = one C®/J. (2 66) 

But then, why is the coulomb so large in the first 
place'? This is where the speed of light comes ml 
The magnetic force between two charges in mo¬ 
tion at moderate speeds is much weaker than 
the electric coulomb force, precisely by the prod¬ 
uct of the ratios of their speeds to the speed 
of light This is an experimental fact Now the 
coulomb has been defined so as to compensate, 
at least to some extent, lor Ihis smallness of mag¬ 
netic effects It IS chosen so that" the force be¬ 
tween two currents of one ampere (one coulomb 
per second) each, one meter apart, is of reason¬ 
able magnitude Thus this explains the largeness 
of the coulomb, the smallness of the volt, and the 
enormity of the farad' ★ 


The Spherical Capacitor' The next example 
we look at is the spherical capacitor. It con¬ 
sists of two concentric spherical conductors, as 
pictured in Fig 2,32 Denote the radii of the 
inner and outer spheres by Va and ri, respec- 
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Figure 2.32: Spherical capacitor, non-zero field 
only between spheres 

tively (We may suppose that the two spheres 
are held in place by insulating supports). In 
this case, unlike the previous parallel plate ar¬ 
rangement, there are no edge effects to worry 
about! 

Imagine that we spread equal and opposite 
charges ±Q uniformly on the outer and inner 
spheres, respectively From the applications 
of Gauss’s Theorem in Section 2.3, and espe¬ 
cially Eq, (2.19), we know that each sphere 
creates no field inside itself; while at points 
outside it acts as a point charge placed at its 
centre. So we see that the magnitude of the 
field, which is in any case radial, is given in 
different regions thus; 

r <ra . E{r) = 0 , 

Q 1 

ra<r <n- E{r) = +- -,, 

47reQ 

radially inwards; 

r > rj: E(r) = 0. (2.67) 

How about the potential? It is constant in¬ 
side the inner sphere, r < r^, and outside the 
outer one, r > rj. In between, it has just 
the form (2.35) of a point charge as far as 
the contribution of the smaller sphere is con¬ 
cerned, plus a constant contribution from the 
large sphere: 

T-a < r < Ti, : 



Figure 2.33: Series combination of capacitors - 
single lines are the connecting wires 

So the potential difference between the two 
spheres is 

V = I/(rk) - V{r,) 



This leads to the capacitance' 
Capacitance of a spherical capacitor. 



= 47reo^-^^ (2.70) 

{rt, - ra) 

We see as expected that C is fo times a 
geometrically determined length 

Combinations of capacitors-Bffective ca¬ 
pacitance Upto now we understood a capac¬ 
itor to be made up of two conductors. It is' 
possible to combine several such capacitors to 
again form a capacitor, able to store charge 
and energy But the result is naturally not 
a system of two conductors alone. How do 
we find the resulting or effective capacitance 
C of such a combination? It depends on the 
way we combine the individual capacitors. We 
look at two simple po.ssibill ties. 

Series Combination- Here the individual ca¬ 
pacitors with capacitances Ci, Cj, C 3 ore con¬ 
nected up as shown in Fig. 2.33 (for simplic¬ 
ity we consider just three capacitors). What 
is common to all the capacitors is the amount 
of charge, ± Q, on the plates of each one. The 
total potential difference or “drop” across the 
entire combination is the sum of the individ¬ 
ual drops: 
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K= AK,+AI /2 +AKj (2.71) 

For the individual capacitors we have the re¬ 
lations 

Al/, = AK2= ;^,AK,= ^ (2 72) 

Oi O2 L.J 

So the eflective capacitance C of the combi¬ 
nation IS 


C = Q/V 

= Q/(AV, + A1^2 + AKi) 


1 


1 


^ C2 ^ C3 


(2.73) 


This is the rule for the series combination 
We can write ’t more conveniently as 


1 _ J- — — 

C ~ Cl C2 Ca 


(2 74) 


So the reciprocals of capacitances add in this 
combination, and C is less than the least of 
Cl, C 21 C 3 . If we have four or more capacitors, 
we just add more terms in Eqs (2 73, 74) 






+ 

+ 
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+ 

+ 
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Parallel Combination: Now the capacitors 
(again just three for simplicity) are put to¬ 
gether as shown in Fig 2 34. There is a com¬ 
mon potential drop V across each capacitor, 
but they carry different amounts of charge; 

Qi = Cl V, Q 2 = C 2 V, Q 3 = C 3 I/ (2.75) 
The total charge stored is the sum 

Q = Q\ -I- Q 2 Q'lt (2 76) 

so the effective capacitance is 

C = I = Cl -h C 2 -t- C 3 (2.77) 

This IS just the sum of individual capac¬ 
itances. For four or more capacitors in 
this combination, we add more terms in Eq 
(2 77). 


Example X.5 1 A network of tour 10 /iF 
capacitors Is connected to a 600V supply as 
shown Determine the (a) equivalent capaci¬ 
tance ot the network, and (b) charge on each 
capacitor (Note, the ‘charge on a capacitor’ 
is the charge on the plate with higher po¬ 
tential, equal and opposite to the charge on 
the plate with lower potential) 


Figure 2.34i Parallel combination of capacitors 

Answer t (a) In the given network, Cp 0% 
and C 3 are connected in series. The effec¬ 
tive capacitance C of these three capacitors 
IS given by 

O' “ ^ C 2 ^ ^ 

for C, = C 2 = C 3 = 10/iF, O' = 10/3 /jF. 

The network has C and connected in 
parallel Thus the equivalent capacitance C 
of the network is 


+Q -Q 
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C = C' + C,= (^j + lo) = 13 3,zF 

(b) Clearly, from the figure, the charge on 
each of the capacitors, Ci, C 2 and Ca is the 
same, say Q Let the charge on C^ be £?'. 
Now, since the potential difference across AB 
is Q/Cii across BC is QIC 2 , across CD is 
Q/Ca, we have 


+ -5- + ^ = 500V. 
Cl C2 ^ Ci 


Also Q'/Ci = 500V. 

This gives for the given value of the capaci¬ 
tances, 

Q = 500 X ~pG = 1 7 X 10“'C and 

U 

Q' = 10 X 500/iC = 50 X 10"*C 


Single conductor as a capacitor' We have 
studied two situations - a single capacitor 
made up of two conducting bodies; and serioa 
or parallel combinations of capacitors where 
naturally .several conductors or plates are in¬ 
volved. Sometimes it is useful to think of 
a single conducting body all by itself as a 
capacitor. In that case we imagine that the 
other plate is far away at infinity 

To find the capacitance of a single conduc¬ 
tor, imagine placing a charge Q on it Then 
suppose its potential is V, relative to zero po¬ 
tential at infinity. We call the ratio 



the capacitance of the single conductor 
As an example suppose the conductor is a 
(hollow or solid) sphere of radius R When a 
charge Q is spread on it, its potential is U = 
Q/47rfo R So the capacitance of the sphere is 

Q 

C = ^ = dTTfof? (2.79) 

The larger the radius, the greater the ability 
to hold a given amount of charge without run¬ 
ning up too high a voltage! 


Energy stored in a capacitor- We have said 
that a capacitor is a device for storing elec¬ 
trical energy, as much as for storing electric 
charge. Let us now study brielly how much 
energy is stored in a capacitor 

We take the simplest case of a single capaci¬ 
tor made up of two plates, Imagine “charging 
up” the capacitor in a senes of small steps 
in each step we transfer a small amount of 
charge, 6Q' say, from the negative to the pos¬ 
itive plate Each such step involves our doing 
some work, which is then stored in the capaci¬ 
tor as potential energy At the stage when the 
charges on the plates have reached the values ' 
±<5' say, the potential difference between the 
plates would be V — Q'fC Now at the next 
step when a small additional of charge bQ' is 
transferred from the negative to the positive 
plate, the work we have to do is 

bW{Q' toQ' + 6Q') = 

r Work done by us in increasing 
I the charge from Q' to Q' + 6Q' 

= 6 Q' V' 

= if?' 6Q'. (2 80) 

This is because the charge 6 Q' has to be car¬ 
ried from the plate at lower potential to the 
one at higher potential, up the potential dif¬ 
ference V' which has already been built up. 

To get the total energy stored in the capac¬ 
itor at the end of many such small steps, we 
have to add up these contributions 61V. It 
is easy to do this by realising that, since 6 Q' 
is small, we can exprc.ss 5W(Q' toQ' -1- bQ') 
approximately as a difference. 


bW(Q' to Q' 4- bQ') ~ 

+ (2.81) 

The term we have neglected is proportional to 
{bQ'y. Now we can see that by the time the 
total charge has reached a value Q, the total 
work done is 



work done in putting charges 
±Q on capacitor plates 



ici.icc'i'Wis'rA'rirs 


7!) 


= ^ f>W{Q' [OQ' +/>Q') 

many small 
step** 

+ {(2AQ'f - (AQVI 
+ {(MQ'y' -(2A(/V''} 

+W'-{Q-^Q'y}] 

= ^ (2H2) 

2C 

Thib IS then tlie energy stored in the capacitor 
We ran express it either in terms of charge Q 
or potential difTerence V. 

Energy stored _ 
in capacitor 26' 

= ]^CV'\ (2 83) 

Thus for a given “voltage" V, the larger the 
capacitance the greater the, energy stored 
This result can be also interpreted in a 
deeply pihysical way For definiteness sup- 
pos-e we have a parallel plate capacitor, as 
in Fig. 2 31 The field strength between the 
plates and the total charge are given in terms 
of charge density <r and plate area A by Eq 
(2 62) 

E = 

to 

Q = Aa (2 84) 

So the energy ..tored can be expressed in terms 
of the field strength 

Energy stored in parallel-plate capacitor 
"2 6 ’ 

= ^< (1 Ad 


fo „2 ( volume between 

2 ' ^ \ plates J 

(2 85) 

This' leads to the interpretation; where there 


(S' n noT\-zero c/ccfnc Jield of slrenql.h 
I'f there is an cleeUical enuqy density 
(= lilecLi'iraL cnerqy per unit volume) of 
amount ((()/2)E'^ .l/m* While we have .seen 
Ihis re.sillt here in a special situation, it is a 
generally valid and very important statement. 

l-lxample 2.6: (a) A f)00 pF capac itor is 
charged by 100 V batlei-y How much elec- 
tiosiatlc cneigy is stoicd by the capacitor? 
The capacitor is disconnected Irom the bat- 
teiy and connee led to another 900 pF capac - 
itoi What is the electrostatic cncigy stored 
by the system? 


Q Q_ 



AiiKwer: The charge on the capacitor is 
Q = CV = 900 X 10~’* F X 100 V 
= 9 X 10-*C. 

The energy stored by the capacitor is 

= = \qv 

= ^ X 9 X 10'® C X 100 V 
= 4.5 X 10^® J. 

(b) In the steady situation, the two capacitors 
have their positive plates ai, the .same poten¬ 
tial, and their negative plates at the same po¬ 
tential Let the common p.tlential difference 
be V The charge on each capacitor is then 
Q' ~ CV By charge conservation, Q' = Qjl 
The total encigy of the system is 
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= 2 X ^Q'V" = ^QV = 2,25 x 10'® J 

Thus in going from (a) (.o (b), though no 
charge in lost, the final energy is only half the 
initial energy. Where has the remainder of the 
energy gone? 

There is a transient period before the sys¬ 
tem settles to the situation (b). During this 
period, a transient current flows from the first 
capacitor to the second Energy is lost dur¬ 
ing this time in the form of heat and electro¬ 
magnetic radiation. 


★ Energy stored in combinations of capacitors 
If we put together many capacitors in the series 
or the parallel combination, we would expect that 
in both cases the total energy stored is additive 
This IS indeed so. We can see this by using one 
or other of the two expressions (2 74, 77) for the 
effective capacitance in the two situations 
For the series combination, we have Q — 
constant, Using the result (2 74) for the effective 
qapacilance, we have 

Energy stored in senes combination of capacitors 


2^ C 

iQ^(—+ —+ .) 

2 Cl 2 Cj " 

Sum of energies stored 
in each capacitor 


(2 86 ) 


For the parallel combination, we have equal 
potential differences V, and the effective capac¬ 
itance IS given by Eq (2.77) So the energy is 
given by 

Energy stored in parallel combination of capaci¬ 
tors 


= lcv= 

= 2(^1 + ^2 ■ • )V'^ 

= \CyV^+ \c,V^ + . ., 

_ Sum of energies stored 
~ in each capacitor 


(2.87) 


★ 


2.8 Effect of dielectrics in capacitors 

Consider the parallel plate capacitor drawn 
in Fig 2 31. As we saw, if there is nothing 
between the plates - ju.st vacuum - the ca¬ 
pacitance IS determined by the plate area A 
and separation d purely geometrically. Let us 
rewrite Eg (2.64) in this way 
Capacitance of parallel plate capacitor in vac¬ 
uum; 

Cq “ ^0"^ (2,88) 

Now suppose we fill the space between the 
plates with some dielectric subst'ance ~ for ex¬ 
ample, glass or paraffin wax. Wc find that the 
capacitance becomes larger than the vacuum 
value Co. The increase is by a (dimension¬ 
less) factor which depends on the dielectric. 
This factor is written as k (Greek kappa) ; it 
is called the “dielectric constant" or “relative 
permittivity" of the dielectric. So wc have 
Capacitance of parallel plate capacitor with 
dielectric. 

C = kCq 
A 

= Ke,~, 

K = dielectric constant, or 
relative permittivity, 
of dielectric (2.89) 

Sometimes it is convenient to combine the 
factors K and eo into a single quantity e, called 
“permittivity"; 

f = K,fo = permittivity of dielectric. (2 90) 

Now the na'rne “permittivity of vacuum” for 
fo (corresponding to k = 1 ) is understandable. 
This was mentioned in the previous Chapter 
at Eq (1.6). 

This increase in'the capacitance of a capac¬ 
itor when it is filled with a dielecttic is true 
for any capacitor, not only in the parallel plate 
case. It has the following consequence. When 
given charges ±Q are put on the capacitor 
plates, the potential difference that develops 
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between the plates will be less when there is 
a dielectric than when there is none Thus 
the dielectric helps hold a larger amount of 
charge without running up too high a voltage 
It also means that the electric field between 
the plates is less in the presence of a dielectric 
than in its absence, for the same plate charges. 

The relative permittivities « of some com¬ 
mon dielectrics are. 


Dielectric 

Value of K, 

Air 

1.006 

gas 

1 00026 

Glass 

3 to 4 

Mica 

3 to 6 

Paraffin wax 

2 to 2.5 

Transformer oil 

2.24 

Water 

80 


Since for air k is quite close to unity, the ca¬ 
pacitance of a capacitor measured under ordi¬ 
nary conditions in air is practically the same 
as the vacuum value It is the latter that we 
were concerned with in the previous Section. 

This effect of a dielectric on the capacitance 
of a capacitor is one of the many experimen¬ 
tal discoveries made by Faraday. We sketch 
now a brief and qualitative explanation of it. 
We learnt in Chapter 1, in an optional part in 
Section 1 5, that in an electric field the atoms 
of a dielectric get polarized. Let us now look 
at this in slightly greater detail, to help un¬ 
derstand Faraday’s discovery. 

There are in fact two types of dielectrics, 

1 e.| insulating substances, nonpolar and po¬ 
lar In the former type, in its normal state 
each atom (or molecule) of the dielectric has 
no dipole moment That is to say, in each 
atom the "centre of charge” or average posi¬ 
tion of the electrons (the negative charges) is 
the same as that of the protons (the positive 
charges, in the nucleus). When such a sub¬ 
stance is placed in an electric field (which is 
not too strong), within each atom the protons 
as a whole arc pulled in the direction of the 
field, while the electrons are pulled the oppo¬ 
site way This is what was shown in Fig 1 5, 
and is shown again here in Fig. 2 35 Thus 
each atom gets distorted, two new centres of 


Negative electron 
cloud 



Positively 

charged 

nucleus 


Figure 2.35! Polarization of an atom m an exter¬ 
nal electric field 

1 

charge, separated by a certain distance pro¬ 
portional to the external field, get created 
In effect, each atom becomes a tiny electric 
dipole, with a moment parallel to the exter¬ 
nal field, and proportional to it 

On the other hand, in a polar dielectric 
the molecules of the substance have an un- 
symmetrical shape to begin with. So even in 
the normal condition, with no external field, 
each molecule has a nonzero spontaneous elec¬ 
tric dipole moment. For example, a molecule 
of water, made up of two hydrogen atoms 
and one oxygen atom, has the unsymmetn- 
cal shape shown in Fig 2 36 So it has a 
permanent dipole moment of its own The ef¬ 
fect of placing a polar substance in an electric 
field is then not so much the creation of any 
additional dipole moment, but of aligning the 
existing moments along the field because that 
is the state of lowest energy We shall not deal 
with polar materials to any extent We only 
mention in passing that crystals of such ma¬ 
terials show small changes in dipole moment 
under pressure changes or mechanical stress, 
this leads to an electrical effect called piezo¬ 
electricity It is the fact that water is a polar 
substance while, say, oil is not that explains 
their very different dielectric constants. 
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Oxygen 



Figure 2.36: The water molecule - example of a 
polar substance 


Positive surface charge layer 



Figure 2.37: Uniformly polarized dielectric slab - 
equivalent surface charges 

Now imagine for simplicity that a rectan¬ 
gular (non polar) dielectric slab is placed m 
a uniform electric field Eq parallel to two of 
its faces. Wc see that the atoms of the ma¬ 
terial get uniformly polarised. If we look 
at a small volume inside the slab, the dipole 
moments of all the atoms inside add up to an 
overall dipole moment proportional to the vol¬ 
ume All this is indicated in Fig. 2 37. This 
effect is proportional to the external field Eo 
and for constant Eq, as we have assumed, it 
IS also uniform all over the dielectric slab 

While each small volume m the slab thus 
develops a net dipole moment, we can see 
that as long as there are many atoms inside 


it, and it is in the interior, there is no net 
charge in the volume The volume may be 
small in the macroscopic sense, but if it is 
large enough to contain many atoms this argu¬ 
ment IS valid However at the “top" and “bot¬ 
tom" faces of the slab (the faces perpendicu¬ 
lar to the field) the story is different! At the 
top face (head of Eq) the positive ends of one 
layer of atomic dipoles stick out and remain 
uncancelled And similarly at the bottom face 
(tail of Efl) the negative ends of one layer of 
dipoles remain uncancelled These have been 
depicted in Fig. 2.37. So, for macroscopic 
purposes a uniformly polarized rectangular di¬ 
electric slab behaves like (or is equivalent to) 
two uniform surface layers of charge over the 
two faces perpendicular to Eo, with equal and 
opposite charge densities" positive at the head 
of Eo, negative at the tail. 

Now we can see why a dielectric increases 
the capacitance of a capacitor. Let the space 
between the plates be filled with a dielectric 
slab, as in Fig 2 38 Initially the charges ±<5 
we put on the plates produce a uniform field 
between the plates It points from the positive 
to the negative plate, and the strength Bo is 
given by eq.(2 62) (with E rewritten as Eo): 


This field causes a uniform dipole moment dis¬ 
tribution in the dielectric, in the same direc¬ 
tion as the field between the plates. But we 
saw in the previous paragraph that the slab is 
then equivalent to a certain uniform negative 
surface charge density over the face adjoining 
the positive capacitor plate; and an equal and 
opposite positive surface charge density over 
the other face adjoining the negative capac¬ 
itor plate. As far as the final electric field 
in the space between the plates is concerned, 
this means that the charges producing it have 
been reduced to values less than the charges 
iQ wc initially placed on the plates. So the 
field E in the region between the plates, i e., 
throughout the volume of the dielectric, has 
a strength less than Eq, the value in the ab¬ 
sence of the dielectric Correspondingly also 
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Positive plate, charge Q 



Negative plate ^y 
charge - Q ^ 


Figure 2.38: Effect of a dielectric in a capacitor 

the potential difference between the plates is 
less than if the dielectric were absent It is 
this reduction that is expressed by the dielec¬ 
tric constant k which appeared in Eq. (2,89) 

E = field strength between capacitor 
plates in presence of dielectric 
= Eo/k, 

V = potential difference in 
presence of dielectric 
= (potential difference in 
absence of dielectric)/«; 

(2.92) 

In this way, then, we see that the capaci¬ 
tance, being the ratio of Q to the potential 
difference, is increased by a factor k when the 
dielectric is inserted. 

The importance of this behaviour of di¬ 
electrics should be clear from this discussion. 
In particular it is worth emphasizing that 
while the dipole moment within the dielectric 
is caused by and is proportional and parallel 
to the initial electric field Eq, its final effect is 
to reduce the strength of the field from Eq to 
Eq/k. this IS because the surface charge layers 
to which it IS equivalent create their own field 
in the opposite direction! 


It is possible, and not too difficult, to con¬ 
nect the dielectric constant k to the properties 
of individual atoms (or molecules) of the di¬ 
electric in an electric field, i e , to the magni¬ 
tude of the dipole moment developed by each 
of them But we will not go into those details. 


Coulomb’s Law in a Dielectric Medium 
In older texts (especially in the days when 
the phenomenon of atomic polarizability was 
not very well understood and appreciated) the 
concept of the dielectric constant was intro¬ 
duced in this manner: in a dielectric medium. 
Coulomb’s Law (1.26) is modified, the elec¬ 
tric forces of attraction and repulsion among 
point charges gi and q 2 , when surrounded by 
a dielectric medium, are reduced by the fac¬ 
tor K compared to the “vacuum value" given 
in Eq. (1.6). 

Magnitude of Coulomb force between point 
charges qi and q^ in dielectric medium, dis¬ 
tance r apart. 


f 

K 


1 9192 
47rf ’ 

- X vacuum value, 

K 

Kfo = permittivity of dielectric, 
dielectric constant of dielectric. 


(2.93) 


Thus the dielectric constant k was intro¬ 
duced- by a (macroscopic) modification of 
Coulomb’s Law. But today it seems better 
and simpler to say that the Coulomb Law has 
not changed, and to develop a more physical 
picture of the effects of a dielectric by taking 
proper account of polarization at the atomic 
level. 


Example !lt>71 A slab of material ol dielec¬ 
tric constant k has the same area as the 
plates of a parallel-plate capacitor but has a 
thickness 3/4 d, where d Is the separation of 
the plates How Is the capacitance changed 
when the slab is Inserted between the plates? 

Answer! Let Eq = Vo/d be the electric field 
between the plates when there is no dielec- 
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trie and the potential difference is Vq. If the 
dielectric is now inserted, the electric field in 
the dielectric will heE = EqIk. The potential 
difference will then be 



The potential difference decreases by the fac¬ 
tor («;-f3)/4«; while the free charge Qo on the 
plates remains unchanged, The capacitance 
thus increases: 

r = Q 

Y a-l-3Vo )t4-3 ° 


★ The electric displacement vector The effect of 
the polarization of the atoms in a dielectric when 
placed in an external Held is described by the 
polarization density P This is the dipole mo¬ 
ment per unit volume that gets built up due to the 
polarization Apart from the polarization density 
P, the effect of dielectrics in electrostatic prob¬ 
lems IS also described by another vector called 
the electric displacement vector It is denoted 
by the symbol D As we have seen, if a field Eq 
IS produced by some source charges placed by 
u3 on some conducting or insulating bodies, then 
in any dielectric brought into this field the polar¬ 
ization density P gets built up In the simplest 
substances, P is proportional to Eq The actual 
final electric field E, taking into account both the 
sources set up by us and the equivalent surface 
charges describing the dielectric polarization P, 
differs from Eq The displacement D is defined in 
terms of E and P, and is the dielectric constant 
«times E 

^ „ P 

D = E-t- — 

EO 

= «E, (2,94) 

Comparing this with Eq (2 92), we see that in 
the dielectric D = Eq We also see that the 
proportionality of P to Eq is expressed by 

K, — 1 _ 

P = fQ —^ Eq, (2.95) 

Usually, however, the polarization P is written as 
a constant of proportionality times the actual final 


electric field E (to which it has also contributed!); 
from Eq (2 94), 

P = cq X E, 

X = « - 1 (2.96) 

The factor x Ibat has been introduced here is 
called Ihe electric susceptibility of the dielec¬ 
tric like K, It IS also dimensionless 

The electric susceptibility x is a natural mea¬ 
sure of the polarizability of the medium, since the 
dipole moment developed in a small region of the 
dielectric depends on the total electric field E 
there, and is proportional to it, as well as to the 
volume of the region. 

Such a description of the properties of a di¬ 
electric using constants re and x is quite good for 
many materials (and tor not too large fields E), 
they are then called linear dielectrics 

In the example of the rectangular dielectric slab 
inserted into a parallel plate capacitor, we have 
noted from Eqs (2 92, 94) that within the dielec¬ 
tric D has the value Eo Namely, this is the field 
produced by the charges ±Q we placed on the 
plates, unaffected by the polarization of the dielec¬ 
tric If we write Eq (2 94) as E = D — P/sq wb 
see vividly that the effect of the polarization P is 
to reduce the strength of the original field, due to 
the negative sign This is generally true The mo¬ 
tivation for introducing the electric displacement 
vector IS precisely to have something related di¬ 
rectly to the charges we may place on conduc¬ 
tors or insulators. Such charges are called "free" 
charges, unlike the "bound" charges within di¬ 
electrics, ★ 


2.9 The Atmosphere and its 
Electricity 

In this Section we shall describe some very in¬ 
teresting features of the atmosphere covering 
the whole earth. Our main focus will be on the 
electrical properties and phenomena which go 
on all the time on a truly gigantic scale We 
can also apply here some of the basic concepts 
we have been learning about, in a “real life" 
situation in nature. 

Right away we must make some general 
points Some amount of factual information 
and details will be presented here - they are 
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T^blc 2.1: Properties of the atmoaphere 

Name of Extent in Fall in Temperature 

Layer km above density variation 


earth _ in the layer _in the layer 


1 

TVoposphere 

0 to 12 

FVom 1 to 10“’ 

Falls uniformly from 
290K to 220K 

2. 

Stratosphere 

12 to 50 

From 10“’ to 10“° 

Rises uniformly from 
220K to 280K 

3 

Mesosphere 

50 to 80 

Prom 10“° to 10“° 

Falls uniformly from 
280K to ISOK 

4. 

Ionosphere 

80 to 300 

From 10“° to 10“’° 

Rises uniformly from 
180K to TOOK 


quite fascinating, partly because much of the 
time most of us are unaware of them We must 
also always remember that the atmosphere is 
a very variable system. When we describe 
its properties it must be understood that we 
state its average behaviour - averages over 
large regions of space (sometimes the whole 
earth!)I and over long periods of time (may 
be a day or more) When we give numerical 
magnitudes of various quantities we must be 
willing to give or take a factor of two or three 
in either direction All this must be kept in 
mind throughout this Section. 

Major regions of the atmosphere- First let 
us look at some gross physical features of the 
atmosphere, and the names given to its differ¬ 
ent parts or layers. This is best done in the 
form of a table. We present the following in¬ 
formation’ the name and extent (height above 
ground level) of each major layer, the amount 
by which the density decreases in each layer 
as we ascend (density at any height being ex¬ 
pressed as a fraction of ground level density); 
the nature and range of variation of tempera¬ 
ture in each layer. 

The earth’s radius is about 6 4 x 10®m We 
can say that the atmosphere extends to about 
3 X 10®m above the earth, i e., about one- 
twentieth the radius of the earth. To some 
extent this is a matter of definition, in any 


case, by this height the density is about 10“’° 
times its value at the sea level The parts and 
physical properties of the atmosphere are then 
as given in Table 2 1 

The height ranges for the four layers are ap¬ 
proximate and variable; in any case there are 
no sharp discontinuities between them We 
will not go here into the reasons why the tem¬ 
perature alternately decreases and then in¬ 
creases with height For orientation let us re¬ 
member that Mt. Everest is 8 85 km high - 
well within the troposphere, and pretty cold. 

Conductivity of the atmo.tphere - a giant 
spherical capacitor. For understanding the 
electrical properties of the atmosphere, we 
can limit ourselves to the height of 50 km - 
the troposphere and stratosphere The reason 
is this’ the earth is a good conductor (so are 
our bodies) At low altitudes the atmosphere 
IS a rather poor conductor. Whatever conduc¬ 
tivity there is arises becauses of the presence 
of ions (molecules of gas with either an extra 
electron or an electron less), small “nuclei" of 
dirt, water vapour carrying static charge, etc 

The ions are much more mobile than the 
dirt. Where do the ions come from'’’ They 
are (mainly) created by a steady stream of 
cosmic rays constantly bombarding the earth 
from outer space These are very energetic 
charged particles which collide vioiently with 
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the molecules of the atmosphere, especially at 
high altitudes, and ionize them The conduc¬ 
tivity of the atmosphere is very variable. It 
changes from day to day at a given place, it 
depends very much on how much dust there 
IS, how much humidity, etc. (So we repeat 
again that we speak only of average proper¬ 
ties!) As we go up in the atmosphere, the con¬ 
ductivity gradually increases. There are more 
ions caused by the cosmic rays, and since the 
density is less their mean free path is more. 

At about 50 km, the top of the stratosphere, 
the atmosphere is a pretty good conduc¬ 
tor! The electrical phenomena we shall be 
describing take place between these two con¬ 
ducting sphcricaJ surfaces, the earth and the 
top of the stratosphere. (In between, as we 
said, the conductivity of the atmosphere in¬ 
creases gradually as we ascend.) Each of these 
surfaces is then an equipotentlal, so we really 
have a grand example of a spherical capaci¬ 
tor (except for the conductivity of the air). 
We can easily estimate its capacitance. We 
must use Eq. (2.70) with appropriate values 
for To and ri, the inner (earth) and the outer 
(stratosphere) radii: 

Ta = 6.4 X 10® m, 

?•(, = (6 4 X 10® -|- 5 X 10“') m; 

C = 47rfora ri,/{n - To) = 0 IF (2.97) 
You see here again how immense one farad is! 

Electrical properties of and phenomena in 
the atmosphere. Let us now briefly collect 
the mam average electrical properties of the 
atmosphere, and the phenomena taking place 
in it. The following are experimentally ob¬ 
served facts: 

(a) At ground level, there is a downward ver¬ 
tical electric field of about 100 V/m all over 
the earth. This field gets weak as we go to 
higher altitudes By 10 km it is quite small, 
at 50 km it is negligible 

(b) There is a potential drop of about 4 x 10®V 
from the conducting layer 50 km high to the 
earth below. Most of the potential drop oc¬ 
curs at low altitudes where the field is sizeable. 
This means the field strength is not the same 


at all heights; it decreases quite rapidly as we 
ascend. 

(c) Since there is a downward electric field at 
ground level, and since the earth is a good 
conductor and an equipotentlal, there is a neg¬ 
ative surface charge density all over the earth. 
We can estimate its magnitude by using Eq 
(2 58) for the field near a charged conducting 
surface' 

tr = -eoE ~ -10“® C/m^ (2 98) 

Thus the total charge on the entire surface of 
the earth is 

-Q = 4xra'*(T 

~ -0.5 X 10® C. (2 99) 

As an order of magnitude, we can say this 
IS about one million coulombs, negative of 
course. 

(d) These figures are very roughly consistent 
with the picture of the earth and the top of 
the stratosphere forming a spherical capaci¬ 
tor. The latter surface must carry approx¬ 
imately -f-10® C of charge From the value 
(2.97) for the capacitance, we expect the po¬ 
tential difference and the electric field to be 
approximately 

Aip = Q/C ~ 10^ V, 

E' ~ Atp/(ri, - Ta) 

~ 200V/m. (2 100) 

In actual fact A(/j is smaller by a factor of 
about 25, and E is smaller at ground level by 
a factor of two These could be caused by the 
fact that the intervening air becomes a pro¬ 
gressively better conductor as we go up. 

(e) The constantly prevailing downward elec¬ 

tric field causes a fairly stable current to flow 
into the earth. This includes both positive 
ions coming down and negative ones ascend¬ 
ing. It amounts to about 3 x of charge 

being pumped into each square metre of the 
earth’s surface each second One can express 
it in another way; each second, about -I-1800C 
of charge is being pumped into the earth as 
a whole This is roughly like having about 
2 X 10^ protons enter each square meter of the 
earth’s surface each seepnd. 
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Stratosphere 


E"0 Good conductor 


1 

Moderate conductor 33 


-12 


|j=3xl0 C/m*B 

TroDOBohere E*100V/m Poor conductor T 

I i i I 'I' i I 12km 


"TTTTTTITTTTTT^TTTTTT" 


Ground 


Surface charge 
density -10'^ C/m^ 


Figure 2.39: Average steady electrical properties 
of the atmosphere 

All this information summarised above is 
depicted in Fig 2.39. It gives you a good 
picture of what is going on all the time 
But then, obviously, this cannot be the whole 
story! If the total charge pn the earth is about 
—10®C, and if each second +I 8 OOC is being 
deposited, then in about fifteen mi.iutes the 
whole earth would become neutred. But that 
is not happening. The facts listed above do 
describe the steady condition of tlxe earth 
and its atmosphere Something else must be 
happening all the time, to maintain the po¬ 
tential difference of 4 x lO’^V between strato¬ 
sphere and earth, and the negative charge of 
—10®C on the earth. 

Thunder and Lightning'. The “something 
else that must be happening" are thunder¬ 
storms and lightning flashes occurring world 
wide, and which we see in such spectacular 
fashion during the monsoon. The detailed 
mechanism of how this happens is quite com¬ 
plex, and is not yet very well understood. We 
only present a few important points here. We 
do this again as a series of statements based 
on observations: 

(a) On the average there are about 40,000 
thunderstorms per day worldwide. So 
we estimate that every two seconds a 
storm begins somewhere Typically 
each storm lasts about one hour 


(b) Within each thundercloud (or thunder¬ 
storm cell as it is called), there Ss a sep>- 
aration of charged ions' positive charges 
arc carried upwards to a height of about 
6 km (above ground level), while neg¬ 
ative charges collect at about 2 to .3 
km above ground, at the bottom of the 
cloud The process is complex and not 
yet well understood. 

(c) The total amount of this negative charge 
is quite large, may be —20 C to —30 
C. This creates a potential difference of 
as much as 2 X lO^V to 10®V between 
ground and the bottom of the cloud, 
the former being at the higher poten¬ 
tial. Thus, since the separation between 
the two is about 3 km, electric fields 
in the upward direction anywhere from 
10'* V/m to 3 X 10 '* V/m are created. 

(d) Towards the end of a storm, when these 
conditions are built up, the high fields 
cause an “electrical breakdown” of the 
air It gets ionized and becomes able 
to conduct large amounts of negative 
charge in bursts along narrow pathways 
from cloud to earth 

(e) Thus in the concluding stages of a 
storm, there are on the average about 
200 bolts or flashes of lightning, each 
lasting about 2 x 10“'* s Combining 
with what we said in (a) above, this 
means that worldwide there are about 
100 bolts of lightning each second It 
IS estimated that 90% of them do carry 
negative charge to the earth. 

(f) The peak electric current in each bolt 
of lightning IS about -10'* G/s in the 
downward direction Since each flash 
lasts about 2 x 10 “^s, we estimate that 
each bolt deposits —20 G of charge on 
the earth. After each bolt, the thunder 
cloud gets charged again, and is then 
ready for the next bolt. So with about 
90 bolts per second doing this world¬ 
wide, we find that thunderstorms pump 
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Figure 2.40: How lightning bolts recharge the earth negatively 


— 1800 C of charge into the earth each 
second. This is what is needed to coun¬ 
terbalance the steady inflow of -flSOOC 
per second in the thunderstorm-free re¬ 
gions of the earth. 

These salient features of thunder and light¬ 
ning are shown in Fig, 2.40. 

This is how this giant electrical machine 
works. One last intriguing fact: on the av¬ 
erage, over each 24 hour period, the maxi¬ 
mum of the steady downward positive cur¬ 
rent occurs all over the earth at 7 00 pm 
Greenwich Mean Time, which means half an 
hour past midnight Indian Standard Time. 
And the minimum occurs at 4.00 am Green¬ 
wich Mean Time, or 9,30 am Indian Standard 
Time, These extreme values differ from the 
average by about ±15%. 

2.10 A man — made high voltage 
generator 

We have seen how nature operates a mighty 
electrical machine which can create large 
charge concentrations, enormous potential 
differences and fields To be fair, let us de¬ 


scribe briefly how humans too have built ma¬ 
chines to produce high voltages. 

Let us first explain the principle involved. 
Suppose we have a large spherical conducting 
shell of radius R, on which we place a charge 
Q. This charge spreads itself uniformly all 
over the sphere. As we have seen in Section 
2.3 and also in Section 2.7 (see Eq. (2 19)), 
the field outside the sphere is just that of a 
point charge Q at the centre, while the field 
inside the sphere vanishes. So the potential 
outside IS that of a point charge, and inside it 
IS constant, namely the value at the radius R. 
We thus have. 

Potential inside conducting spherical shell 
of radius R carrying charge Q 


~ constant 

= J—9. 

47rco R' 


( 2 . 101 ) 


Essentially this result was used in Eqs (2,68, 
69) while discussing the spherical capacitor. 

Now, as shown in Fig 2 41, let us suppose 
that m some way we introduce a small sphere 
of radius r, carrying some charge q, into the 
large one, and place it at the centre. The po- 
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Total charge Q 



Figure 2.41: Illustrating the principle of the elec¬ 
trostatic generator 


tential due to this new charge clearly has the 
following values at the radii indicated: 
Potential due to small sphere of radius r car¬ 
rying charge q 


= —^-at surface of small sphere 
47reo r 

1 0 

= --l-at large shell 

47r€o R 

of radius R. (2.102) 


Taking both charges q and Q into account we 
have for the total potential ip and the poten¬ 
tial difference the values 



Assume now that q is positive We see that, 
independent of the amount of charge Q that 
may have accumulated on the larger sphere 
and even if it is positive, the inner sphere is 
always at a higher potential: the difference 
>p[r) — <p(R) is positive. The potential due to 
Q is constant upto radius R and so cancels 
out in the difference! 

This means that if we now connect the 
smaller and larger spheres by a wire, the 
charge q on the former will immediately flow 


Metal brush 



delivering 
charge from 
source 

Figure 2.42: Principle of construction of van de 
Graaff generator 

onto the latter, even though the charge Q may 
be quite large The natural tendency is for 
positive charges to move from higher to lower 
potential. Thus, provided we are somehow 
able to introduce the small charged sphere 
into the larger one, we can in this way keep 
piling up larger and larger amounts of charge 
on the latter. The potential (2 101) at the 
outer sphere would also keep rising, at least 
until we reach the breakdown field of air. 
This is the principle of the van de Graaff 
generator. It is a machine capable of building 
up potential difference of a few million volts, 
and fields close to the breakdown field of air 
which is about .3 x 10® V/m. A schematic di¬ 
agram of the van de Graaff generator is given 
in Fig. 2.42 A large spherical conducting 
shell (of few metres radius) is supported at 
a height several meters above the ground on 
an insulating column. A long narrow endless 
belt of insulating material, like rubber or silk, 
is wound around two pulleys - one at ground 
level, one at the centre of the shell This belt 
IS kept continuously moving by a motor driv¬ 
ing the lower pulley. It continuously carries 
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positive charge, sprayed on to it by a brush 
at ground level, to the top. There it trans¬ 
fers its positive charge to another conducting 
brush connected to the large shell, Thus pos¬ 
itive charge is transferred to the shell, where 
it spreads out uniformly on the outer surface 
In this way voltage differences of as much as 
6 or 8 million volts (with respect to ground) 
can be built up This is then used to acceler¬ 
ate charged particles (electrons, ions) to high 
speeds and energies for various experiments, 

ShBfp points on condoctofs-ttie lightning ar¬ 
rester We know that the field )ust outside a 
conducting surface Is proportional to the surface 
charge density there - the connection is given in 
Eq (2 58), We also have seen that the potential 
to which a spherical conducting shell of radius R 
IS raised by putting a charge on it Is inversely pro¬ 
portional to E- see Ec^ (2101), This means that 
a given amount of charge Q spread uniformly on 
a shell results in a higher voltage the smaller 
the radius From all this we can appreciate the 
following qualitative consequences mentioned at 


the end ol Section 2 6 On the surface of any 
charged conductor, places which are smooth tend 
to have lower electric fields near them, and cor¬ 
respondingly lower surface charge densities. But 
sharp points and corners accumulate very high 
charge densities and have veiy high fields nearby 
In any instrument intended to carry a large 
amount of charge, and not run the risk of break¬ 
down of the air by ionization and leaking away of 
the charge, it is thus best to avoid sharp points 
This IS why the conducting shell in the van de 
Graaff generator is made perfectly spherical 
But the opposite is the case in the working ol 
lightning rodsi These are long metal rods with 
pointed tips, which are mounted on tall buildings 
to protect them from bolts ol lightning In the event 
of a thunderstorm, which we have described in the 
previous Section, the air near the tip of the light¬ 
ning rod gets ionized early because fields there 
become large, This then initiates and provides a 
pathway in the air along which the charge built 
up In a cloud can quickly travel and pass to the 
earth Thus other objects and places are saved 

★ 



electrostatics 


87 


Summary 


1, Gauss's theorem- The flux of electric field through any dosed surface S is I/cq times 
the total charge inside S The theorem is especially useful m determining electric field 
E, when the source distribution has simple symmetry 

Thin infinitely long straight wire of uniform linear charge density 


= ^,7 


where r is the perpendicular distance of the point from the wire and f is a unit vector 
in the radial direction. 

Infinite thin plane sheet of uniform surface charge density a 
E(r) = 


where n is a unit vector normal to the plane, outward on either side, 

Thin spherical shell of uniform surface charge density a and radius R 

q 


E(r) = 


47reo r' 


2 ’ 


r > R 


= Q,t < R 


where r is the distance of the point from the centre of the shell q is the total charge of 
the shell; q = AirR^a- 

Solid Sphere of uniform volume charge density p and radius R 


E(r) 

Here 


q _L ^ ^ p 
47rfo R ^' ~ 


q 


47rea r^ 


r>R 



For both the shell and sphere cases, E outside is as though the total charge is concentrated 
at the centre. 


2 Work done (by an external agency) in moving a charge 6q from a point A to a point B 
in an electrostatic field is independent of the path taken from A to B. It is equal to 

'5q[q’(rB) - <^(rA)] 

where [vCra) - ¥>(rA)] is the difference in potential between B and A. Over any dosed 
loop, work done is zero, 

3, Potential at a point is the work done per unit charge (by an external agency) in bringing 
a charge from infinity to that point. Potential at a point is arbitrary to within an additive 
constant, since it is the potential difference between two points which is physically 
significant If potential at infinity is chosen to be zero, potential due to a point charge q 
at the origin is given by 
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ip{r) = 


1 g 

iTTfa T 


nnd that due to two charges qi, at rj and r 2 is given, using the superposition principle, 
to be 


, V_?i_ 1 1 

47reo |r’-r']| 47r(ro|r-r]| 


4 The electrostatic potential at a point A with position vector r, due to a dipiole of monient 
p at the origin, is 


$(A) = 


1 p r 
47rfQ 


5 An equipotential surface is a surface over which potential has a constant value Fpr a 
point charge, surfaces of spheres about the location of the charge are equipotentials. The 
electric field E at a point is perpendicular to the equipotential surface through the point 
E IS m the direction of steepest decrease of potential 


6 Potential energy stored in a system of charges is the work done (by an external agency) 
in assembling the charges at their locations Potential energy of two charges q^, qi at ri, 
rj IS equal to 


1 gl92 
47reo Iri - r2| 

The potential energy of a charge q in an external potential (p{v) is 




The potential energy of a dipole p m a uniform electric field E is 


—p ■ E, 


7 In the static rase, the electric field E is zero in the interior of a conductor, just outside 
Its surface, E is normal to the surface Charges in a conductor can reside only at its 
surface. Potential is constant within and on the surface of a conductor In a cavity within 
a conductor, the electric field is zero 


0 A capacitor is a system of two conductors Its capacitance C is defined by C = Q/V, 
where Q and —Q are the charges on the two conductors and V is the potential difference 
between them C is determined purely geometrically, by the shapes, sizes and relative 
positions of the two conductors. The unit of capacitance is the farad: IF = ICV' 

For a parallel plate capacitor, 

C = fQ Aj d 

where A is the area of each plate and d is the separation between the plates. For a 
spherical capacitor, 

dnenrorb 

(H-ra) 
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where Va And ti, nre the rndii of the inner nnd outer spheres respectively 
9 For cnpncitors in the smc.i rombination, the total rapacitanre C is given by, 

1 - —+ — — 

c " C, O 2 c/ 

In the parallel combination, the formula for C is 
C = 6’] 4- C'i + Cj + . 

where C\, C 2 , C| are individual capacitances 

10 The energy E stored in a capacitor of capacitance C and charge Q with voltage V is 
E = (?'V2C 

= lev' ' 

2 

The electrical energy density (energy per unit volume) in a region with electric field E is 



11. If the medium between the plates of a capacitor is filled with an insulating material, the 
electric field due to the charge on the plates polarizes the medium Polarization gives 
rise to a field in the opposite direction I he net electric field and hence the potential 
difference between the plates is thus reduced Consequently, the capacitance C increases 
from Its value Cq when there is no medium (vacuum), 


C = rcCfl 

where k is the dielectric constant of the medium 

12 The earth has an electric field of about 100 Vm~' at its surface in the downward direction, 
corresponding to a surface charge density = -10'® Cm”^ Due to the slight conductivity 

- of the atmosphere up to about 50 km (beyond which it is a good conductor) about + 
1800 C IS pumped every second into the earth as a whole The earth, however, does not 
get discharged since thunderstorms and lightning occurring continually all over the globe 
pump an equal amount of negative charge on the earth 

13 A Van de Craaff generator consists of a large spherical conducting shell (a few m in 
diameter) By means of a moving belt and suitable brushes, charge is continuously 
transferred to the shell, and potential differences of the order of several million volts are 
built up; which can be used for accelerating charged particles. 
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Exercises 


2.1 Consider a uniform electric field E = 

,3 X 10'’ iN/C. (a) What is the flux of 
this field through a square of 10cm on 
aside whose plane is parallel to the yz 
plane"^ (b) what is the flux through 
the same square if the normal to its 
plane makes a 60° angle with the i 
axis"^ 

2.2 What IS the net flux of the uniform 
electric field of Exercise 2 1 through 
a cube of side 20cm oriented so that 
its faces are parallel to the coordinate 
planes? 

2.3 Careful measurement of the electric 
field at the surface of a black box 
indicates that the net outward flux 
through the surface of the box is 
8.0 X 10^ Nm^/C (a) What is the net 
charge inside the box? (b) If the net 
outward flux through the surface of 
the box were zero, could you conclude 
that there were no charges inside the 
box*^ Why or why nof^ 

2.4 A point charge +10 pC is a distance 
5cm directly above the centre of a 
square of side 10cm as shown in the 
figure. What is the magnitude of 
the electric flux through the square‘s 
(Hint Think of the square as one face 
of a cube with edge 10cm.) 



2.5 A point charge of 2.0 (iC is at the cen¬ 
tre of a cubic Gaussian surface 9 0cm 
on edge. What is the net electric flux 
through the surface”^ 

2.6 A point charge causes an electric 
flux of —1 0 X lO'^Nm^/C to pass 
through a spherical Gaussian sur¬ 
face of 10.0cm radius centred on the 
charge (a) If the radius of the Gaus¬ 
sian surface were doubled, how much 
flux would pa^s through the surface? 
(b) what is the value of the point- 
charge'^ 

2.7 A conducting sphere of radius 10cm 
has an unknown charge. If the elec¬ 
tric field 20cm from the centre of the 
sphere is 1.5 x 10‘’N/C and points ra¬ 
dially inward, what is the net charge 
on the sphere? 

2.8 A uniformly charged conducting 
sphere of 2.dm diameter has a surface 
charge density of 80 0 /iC/m* (a) 
Find the charge on the sphere (b) 
What IS the total electric flux leaving 
the surface of the sphere"^ 

2.9 An infinite line charge produces a 
field of 9 X 10''N/C at a distance of 
2cm, Calculate the linear charge den¬ 
sity. 

2.10 Two large, thin metal plates are par¬ 
allel and close to each other as shown 
in Fig. 2.8 in the text On their inner 
faces, the plates have surface charge 
densities of opposite signs and of 
magnitude 17 0 x 10~*^C/m^ What 
IS E (a) to the left of the plates, (b) 
to the right of the plates, and (c) be¬ 
tween the plates? 
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2.11 Two charges 3 x 10"®C and —2 x 
10"®C are located 15cm apart At 
what point on the line joining the two 
charges is the electric potential zero"^ 
Take the potential at infinity to be 
zero, 

2.12 A regular hexagon of aide lOcm haa 
a charge 5/iC at each of its vertices 
Calculate the potential at the centre 
of the hexagon. 

2.13 (a) Calculate the potential at a 

point P due to a charge of 4 
xlO“^C located 9crn away. 

(b) Hence obtain the work done in 
bringing a charge of 2 xlO’^C 
from infinity to the point P 
Does the answer depend on the 
path along which the charge is 
brought? 

2.14 (a) Determine the electrostatic po¬ 

tential energy of a system con¬ 
taining two charges 7/iC and - 
2pC separated by a distance of 
18cm, 

(b) How much work is required to 
separate the two charges in¬ 
finitely away from each other? 

2.15 Two charges 2 /jC and -2 /xC are placed 
at points A and B 6cm apart, 

(a) Identify an equipotential surface 
of the system. 

(b) What is the direction of the elec¬ 
tric field at every point on this 
surface'^’ 

2.16 A spherical conductor of radius 12cm 
has a charge of 1.6 x 10“^C dis¬ 
tributed uniformly on its surface. 
What is the electric field 

(a) inside the sphere 


(b) just outside the sphere 

(c) at a point 18cm from the centre 
of the sphere'^ 

2.17 A parallel-plate capacitor with air be¬ 
tween the plates has a capacitance 
of 8pF (IpF = 10-’2 F) What will 
be the capacitance if the distance be¬ 
tween the plates is reduced by half, 
and the space between them is filled 
with a substance of dielectric con¬ 
stant O'? 

2.18 Three capacitors each of capacitance 
9pF are connected in series 

(a) What IS the total capacitance of 
the combination'^ 

(b) What IS the potential difference 
across each capacitor if the com¬ 
bination IS connected to a 120V 
supply'? 

2.19 Three capacitors of capacitances 2pF| 
3pF and 4pF are connected m paral¬ 
lel. 

(a) What is the total capacitance of 
the combination? 

(b) Determine the charge on each 
capacitor if the combination is 
connected to a lOOV supply 

2.20 In a parallel plate capacitor with air 
between the plates each plate has an 
area of 6 xlQ-'^m^ and the distance 
between the plates is 3 mm. Cal¬ 
culate the capacitance of the capac¬ 
itor. If this capacitor is connected to 
a lOOV supply, what is the charge on 
each plate of the capacitor"? 

2.21 Explain what would happen if in the 
capacitor given in 2,20, a 3mm thick 
mica sheet (of dielectric constant = 
6) were inserted between the plates 
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(a) while the voltage supply re¬ 
mained connected, 

(b) after the supply was discon¬ 
nected 

2.22 A 12pF capacitor is connected to a 
50V battery. How much electrostatic 
energy is stored in the capacitor? 

2.23 A 600pF capacitor is charged 'by a 
200V supply It is then disconnected 
from tha supply and is connected to 
another uncharged 600pF capacitor 
How much electrostatic energy is lost 
in the process'^ 

Additional Exercises 

2.24 A charge of 8 mC is located at the 
origin. Calculate the work done in 
taking a small charge of -2 x 10"®C 
from a point P (0,0, 3cm) to a point Q 
(0, dem, 0) via a point R(0,6cm,9cm) 

2.25 A cube of side b has a charge q at 
each of its vertices Determine the 
potential and electric field due to this 
charge array at the centre of the cube. 

2.26 Two tiny spheres carrying charges 
1 5/iC and 2 5/iC are located 30cm 
apart Find the potential and electric 
field-- 

(a) at the mid-point of the line joining 
the two charges, and 

(b) at a point lOcra from this mid¬ 
point in a plane normal to the line 
and passing through the mid-point. 

2.27 (a) A conductor A with a cavity as 
shown in Fig (a) is given a charge 
Q Show that the entire charge must 
appear on the outer surface of the 
conductor (b) Another conductor B 



with charge q is inserted into the cav¬ 
ity keeping B insulated from A Show 
that the total charge on the outside 
surface of A is Q -|- ? [Fig. (b)] (c) A 
sensitive instrument is to be shielded 
from the strong electrostatic fields in 
its environment Suggest a possible 
way. 

2.28 A spherical conducting shell of inner 
radius t\ and outer radius ti has a 
charge Q. 

(a) A charge q is placed at the cen¬ 
tre of the shell. What is the surface 
charge density on the inner and outer 
surfaces of the shelF 

(b) Is the electric field inside a cavity 
(with no charge) zero even if the shell 
is not spherical, but has any irregular 
shape? Explain 

2.29 (a) Show that the normal component 
of electrostatic field has a discontinu¬ 
ity from one side of a charged surface 
to another given by 

(E2 — El) n = — 

fQ 

Where n is a unit vector normal to 
the surface at a point and a is the 
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surface charge density at that point 
(The direction of n is from side 1 to 
side 2) Hence show that just out¬ 
side a conductor, the electric field is 
o-n/fo, 

(b) Show that the tangential compo¬ 
nent of electrostatic field is continu¬ 
ous from one side of a charged sur¬ 
face to another. (Hint. For (a), use 
Gauss's law For (b), use the fact that 
work done by electrostatic field on a 
closed loop IS zero.) 

2.30 A hollow charged conductor has a 
tiny hole cut into its surface Show 
that the electric field in the hole is 
(cr/2eo)A, where n is the unit vector 
in the outward normal direction, and 
er is the surface charge density near 
the hole. 

2.31 A long charged cylinder of linear 
charge density X is surrounded by a 
hollow co-axial conducting cylinder. 
What is the electric field in the space 
between the two cylinders? 

2.32 Obtain the formula for the electric 
field due to a long thin wire of uni¬ 
form linear charge density X with¬ 
out using Gauss’s law [Hint: Use 
Coulombia-law directly and evaluate 
the necessary integral ] 

2.33 It is now believed that protons and 
neutrons (which constitute nuclei of 
ordinary matter) are themselves built 
out of more elementary units called 
quarks A proton and a neutron con¬ 
sists of three quarks each. Two types 
of quarks, the so called ‘up’ quark 
(denoted by u) of charge -l-(2/.3)e, 
and the ‘down’ quark (denoted by 
d) of charge (-l/3)e, together with 
electrons build up ordinary matter, 
(quarks of other types ha/e also been 


found which give rise to different un¬ 
usual varieties of matter). Suggest a 
possible quark composition of a pro¬ 
ton and neutron 

2.34 In a hydrogen atom, the electron and 
proton are bound at a distance of 
about 0 53 A 

(a) Estimate the potential energy of 
the system in eV, taking the zero of 
the potential energy at infinite sepa¬ 
ration of the electron from proton 

(b) What IS the minimum work re¬ 
quired to free the electron, given that 
its kinetic energy in the orbit is half 
the magnitude of potential energy ob¬ 
tained in (a)'? 

(c) What are the answers to (a) and 
(b) above if the zero of potential en¬ 
ergy is taken at 1 06 A separation? 

2.35 If one of the two electrons of a IIj 
molecule is removed, we get a hy¬ 
drogen molecular ion (HJ). In the 
ground state of a llj, the two pro¬ 
tons are separated by roughly 1 5 A, 
and the electron is roughly 1 A from 
each proton Determine the potential 
energy of the system. Specify your 
choice of the Zero of potential energy. 

2.36 (a) Consider an arbitrary electro¬ 
static field configuration A small 
test charge is placed at a null-point 
(i e where E=0) of the configuration 
Show that the equilibrium of the test 
charge is necessarily unstable. 

(b)Verify this result for the simple 
configuration of two charges of the 
same magnitude and sign placed a 
certain distance apart 

2.37 Two charged conducting spheres of 
radii a and b are connected to each 
other by a wire What is the ratio 



94 


PHYSICS 


of electric fields at the surfaces of the 
two spheres? Use the result obtained 
to explain why charge density on the 
sharp and pointed ends of a conduc¬ 
tor IS higher than on its flatter por¬ 
tions 

2.38 Answer carefully: 

(a) A comb run through one’s dry 
hair attracts small bits of paper. 
Why? What happens if the hair is 
wet or if it is a rainy day'' (Remem¬ 
ber, a paper does not conduct elec¬ 
tricity) , 

(b) Ordinary rubber is an insulator. 
But the special rubber tires of air¬ 
crafts are made slightly conducting 
Why is this necessary? 

(c) Vehicles carrying inflammable 
materials usually have metallic ropes 
touching the ground during motion. 
Why*? 

(d) A bird perches on a bare high- 
power line, and nothing happens to 
the bird. A man standing on the 
ground touches the same line and gets 
a fatal shock. Why? 

2.39 Two charges —q and +q are located at 
points (0,0,—a) and (0,0, a) respec¬ 
tively, (a) What IS the electrostatic 
potential at the points (0,0,x) and 
(a:,y.0)? 

(b) Obtain the dependence of poten¬ 
tial on the distance r of the point 
from the origin when r/a 3>1 

(c) How much work is done in mov¬ 
ing a small test charge from the point 
(5,0,0) to (-7,0,0) along the x-axis'' 
Does the answer change if the path 
of the test charge between the same 
points IS not along the x-axis? 

2.40 Figures (a) and (b) show the field 
lines of a single positive and nega¬ 


tive charge respectively: (a) Give the 
signs of the potential difference 

Up - Vq ; Vb - V), 



(b) 


(b) Give the sign of the potential en¬ 
ergy difference of a small negative 
charge between the points Q and P, 
A and B. 

(c) Give the sign of the work done by 
the field in moving a small positive 
charge from Q to P. 

(d) Give the sign of the work done by 
an external agency in moving a small 
negative charge from B to A 

(e) Does the kinetic energy of a small 
negative charge increase or decrease 
in going from B to A'? 

2.41 A molecule of a substance has perma¬ 
nent electric dipole moment equal to 
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lO^^^Cm A mole of this substance 
is polarized (at low temperature) by 
applying a strong electrostatic field of 
magnitude (10®Vin“') The direction 
of the field 13 suddenly changed by an 
angle of 60° Estimate the heat re¬ 
leased by the substance in aligning its 
dipoles along the new direction of the 
field For simplicity assume 100% po¬ 
larization of the sample. 

2.42 Figure below shows a charge array 
known as an ‘electric quadrupole’. 
For a point on the axis of the 
quadrupole, obtain the dependence 
of potential on r for r/a 3> li and 
contrast your results with that due 
to an electric dipole, and an electric 
monopole(i.e. a single charge). 


^ a , ° , .P 

q .q -q -q 

•< - r ->■ 


2.43 An electrical technician requires a ca¬ 
pacitance of ‘2’pF in a circuit across 
a potential difference of IkV. A large 
number of IpF capacitor are available 
to him each of which can withstand a 
potential difference of not more than 
400V. Suggest a possible arrangement 
that requires the minimum number of 
capacitors. 

2.44 What is the area of the plates of a 
2F parallel plate capacitor, given that 
the separation between the plates is 
ft 5cm'^ [You will realise from your 
answer why ordinary capacitors arc 
m the range of /iF or less However, 
electrolytic capacitors do have a much 
larger capacitance (O.IF) because of 
very minute separation between the 
conductors ] 


2.45 Obtain the equivalent capacitance of 
the following network: For a 300V 


100 pF 



supply, determine the charge and 
voltage across each capacitor. 

2.46 The plates of a parallel plate capac¬ 
itor have an area of 90cm* each and 
are separated by 2 5mm The capac¬ 
itor is charged by connecting it to a 
400V supply (a) How much electro¬ 
static energy is stored by the capaci¬ 
tor'^ 

(b) View this energy as stored in the 
electrostatic field between the plates, 
and obtain the energy per unit vol¬ 
ume u. Hence arrive at a relation be¬ 
tween u and the magnituoo of electric 
field E between the plates. 

2.47 A 4/iF capacitor is charged by a 200V 
supply It is tlien disconnected from 
the supply, and is connected to an¬ 
other uncharged 2/iF capacitor How 
much electrostatic energy of the first 
capacitor is lost in the form of heat 
and electromagnetic radiation'^’ 
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2.48 Show that the force on each plate of 
a parallel plate capacitor has a mag¬ 
nitude equal to 1/2 QE, where Q is 
the charge on the capacitor, and E 
is the magnitude of electric field be¬ 
tween the plates Explain the origin 
of the factor 1/2. 

2.49 A spherical capacitor has an inner 
sphere of radius 12cm and an outer 
sphere of radius 13cm. The outer 
sphere is earthed and the inner sphere 
is given a charge of 2.5/iC. The apace 
between the concentric spheres la 

■ filled with a liquid of dielectric con¬ 
stant 32. (a) Determine the capaci¬ 
tance of the capacitor. 

(b) What is the potential of the inner 
sphere"^ 

(c) Compare the capacitance of this 
capacitor with that of an isolated 
sphere of radius 12cm Explain why 
the latter is much smaller, 

2.50 Answer carefully; 

(a) Two large conducting spheres car¬ 

rying charges Qi and <^2 are brought 
close to each other. Is the magnitude 
of electrostatic force between them 
exactly given by where 

r is the distance between their cen¬ 
ters? 

(b) If coulomb’s law involved l/H 

dependence (instead of would 

Gauss's law be still true? 

(c) A small test charge is released at 
rest at a point in an electrostatic field 
configuration Will it travel along 
the line of force passing through that 
point? 

(d) What IS the work done by the field 
of a nucleus in a complete circular or¬ 
bit of the electron'^ What if the orbit 
is elliptical? 


(e) We know that electric field is dis¬ 
continuous across the surface of a 
charged conductor. Is electric poten¬ 
tial also discontinuous there"^ 

(f) What meaning would you give to 
the capacity of a single conductor'^ 

(g) Guess a possible reason why water 
has a much greater dielectric constant 
(=80) than say mica (=6), 

2.51 A cylindrical capacitor has two co¬ 
axial cylinders of length 15cm and 
radii 1 5cm and 1.4cm The outer 
cylinder is earthed and the inner 
cylinder is given a charge of 3.5/iC, 
Determine the capacitance of the sys¬ 
tem and the potential of the inner 
cylinders. Neglect end effects (i e 
bending of field lines at the ends). 

2.52 A parallel plate capacitor is to be 
designed with a voltage rating IkV, 
using a material of dielectric con¬ 
stant 3 and dielectric strength about 
10^Vm“’ (Dielectric strength is the 
maximum electric field a material 
can tolerate without breakdown, i.e 
without starling to conduct electric¬ 
ity through partial ionization) For 
safety, we should like the field never 
to exceed say 10% of the dielectric 
strength What minimum area of the 
plates is required to have a capaci¬ 
tance of 50pF? 

2.53 Describe schematically the equipo- 
tential surfaces corresponding to 

(a) a constant electric field in the z- 
direction, 

(b) a field that uniformly increases in 
magnitude but remains in a constant 
(say z) direction, 

(c) a single positive charge at the ori¬ 
gin 
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(d) a uniform grid consisting of long 
equally spaced parallel charged wires 
in a plane 

2.54 In a Van de G'raaff type generator, 
a spherical metal shell is to be a 
15 X 10®V electrode The dielectric 
strength of the gas surrounding the 
electrode is 5 x 10^Vm“V What is 
the minimum radius of the spheri¬ 
cal shell required? (You will learn 
from this exercise why one can not 
build an electrostatic generator using 
a very small shell which requires a 
small charge to acquire a high poten¬ 
tial) 

2.55 A small sphere of radius r and charge 

is enclosed by a spherical shell of 
radius r and charge Show that 
if q\ is positive, charge will necessar¬ 
ily flow from the sphere to the shell 
(when the two are connected by a 
wire) no matter what the charge q<i 
on the shell is, 

2.56 Answer the following: 

(a) The top of the atmosphere is at 
about 400kV with respect to the sur¬ 


face of the earth, corresponding to an 
electric field that decreases with alti¬ 
tude. Near the surface of the earth, 
the field is about lOOVm"^ Why 
then do we not get an electric shock 
as we step out of our house into the 
open'^ (Assume the house to be a 
steel cage so there is no field inside') 

(b) A man fixes outside his house one 
evening a two metre high insulating 
slab carrying on its top a large alu¬ 
minum sheet of area Im^ Will he 
get an electric shock if he touches the 
metal sheet next morning 

(c) The discharging current in the at¬ 
mosphere due to the small conduc¬ 
tivity of air 15 known to be 1800 A 
on an average over the globe Why 
then does the atmosphere not dis¬ 
charge itself completely in due course 
and become electrically neutral''' In 
other words, what keeps the atmo¬ 
sphere charged? 

(d) What are the forms of energy into 
which the electrical energy of the at¬ 
mosphere IS dissipated during a light¬ 
ning? 
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3,1 Intraduction 

The phenomena discussed in the previous 
Chapters arise from the circumstance that 
positive and negative electric charges can be 
separated from each other by macroscopic dis¬ 
tances (e.g. distances of order lO’^m or more) 
whereas in atoms, the distance between ele¬ 
mentary charges is of order 10~^°m This large 
separation of charges and clumping together 
of like ones (electrification) makes it possible 
to investigate the laws of force between them 
in the laboratory However the charges are at 
rest and in static equilibrium [electroatatics). 
The motion or dynamics of charges gives rise 
to new effects which we discuss in this and 
several subsequent Chapters. 

We introduce in this Chapter the ideas of 
electrical current (or the rate of flow of elec¬ 
tric charge) and electrical resistance or re¬ 
sistance to the flow of electrical current (Sec¬ 


tion 3 2). Some features of electrical resis¬ 
tance, an explanation of its origin, and sys¬ 
tems with unusual resistance behaviour, are 
discussed in Section 3.3, Most electrical de¬ 
vices consist of a number of circuit elements 
through which electrical current flows, these 
are interconnected, often in complicated ways. 
The basic rules (Kirchhoff’s rules) determin¬ 
ing currents in such circuit elements are in¬ 
troduced in Section 3.4, Finally methods for 
measuring resistances, currents and voltages 
are discussed in Section 3 5. 

3.2 Current, voltage and resistance 
3.2.1 Current 

We are all faimliar with many examples of cur¬ 
rents One such is the current of water in a 
flowing river. Similarly, if electric charge flows 
through some region, say a wire of copper, we 
say that there is an electric current in that 
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region, e.g. through the copper wire. For ex¬ 
ample, when a battery torch is switched on, 
a current of electric charge circulates continu¬ 
ously through the battery bulb, heating it and 
producing light. What we see as lightning is 
the flow of electric charges from a cloud to the 
earth, or from one cloud to another In such 
and similar situations, effects occur which are 
due to the motion of charges, or due to cur¬ 
rents. These effects are different from those 
due to charges at rest (electrostatics) which 
have been studied in the last two Chapters. 
In this Chapter we begin with the description 
of electric current, of resistance to its flow, 
and of how these are measured 
How does one describe current? In the case 
of water flowing in a river, it is the amount 
of water passing across the river per unit 
time. The amount can be measured in kilo¬ 
grams or cubic metres, so water current can 
be described as so many cubic metres per sec¬ 
ond. (For example, the average current of 
water flowing through the Ganga is 38,000 
m^/s, exceeded only by two rivers, the Ama¬ 
zon with 180,000 m^/s and the Congo with 
40,000 m^/s). Electric current, namely the 
flow of electric charge, can be described by 
the amount of charge flowing through a par¬ 
ticular area in a unit time, or as the, rate of 
flow of electric charge. Suppose a charge AQ 
passes through a given cross section or area 
in a short time At. The electric current I (or 
current) I is given by 



More precisely, the current at a given time t is 
the ratio of charge AQ flowing to time interval 
At around t in the limit that the time interval 
becomes very small, i.e. 


I = lim 

Al—O 



dt 


(3.1b) 


If the current is steady i.e. it does not change 
with time, then the charge Q flowing through 
is just proportional to time t, and we have 



(for a steady current) 


(3.2) 


The SI unit of current is the ampere, after 
Andre Marie Ampere, a French scientist who 
discovered many consequences of electric cur¬ 
rents The ampere is one of the base SI units 
As we shall see in greater detail in Chapter 5, 
Section 5 3 current carrying conductors pro¬ 
duce forces on each other and the ampere is 
defined in terms of this force The formal defi¬ 
nition is:- The ampere is that constant cur¬ 
rent which, if maintained in two straight 
parallel conductors of infinite length and 
of negligible cross-section, and placed one 
metre apart in vacuum, would produce be¬ 
tween these conductors a force equal to 
2'xlQ~^ newton per metre of length This 
definition will become more understandable 
in Chapter 5 where magnetic effects of elec¬ 
tric currents are discussed. The system of 
units is such that an ampere is equal to one 
coulomb per second, though since the am¬ 
pere is the base unit, the coulomb should more 
appropriately be thought of as ampere second. 
(See Section 1 5 for a discussion of this). The 
sjunbol for ampere is A, e.g we say that the 
current through the electric motor is 2.5 A (or 
2.5 amperes) 

3.2.2 Voltage and electromotive force 
(emf) 

What makes electrical current flow"^ No cur¬ 
rent flows in a copper wire, by itself, just as 
water in a horizontal tube does not flow. If 
one end of the tube is connected to a tank 
with water, such that there is a pressure dif¬ 
ference between the two ends of the horizon¬ 
tal tube, water flows out of the other end at 
a steady rate (we have discussed this in Sec¬ 
tion 10.6 on viscosity, in the Glass XI Physics 
textbook). The rate at which water flows out 
depends on the pressure difference, for a given 
tube. If the flow rate or current is to be kept 
constant, the water flowing out for instance 
has to be,put back into the jar (see Fig 3.1) 
to maintain the pressure head This requires 
work to be done (at a certain rate) by an¬ 
other agency. The above analogy brings out 
several features of electrical current flow! An 
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Figure 3.1: Water flows continuously out of a 
horizontal tube AB at a steady rate if a pressure 
head (pressure di3"erence between its two ends) is 
maintained by the tank at a height h, and if a pump 
P pumps the water back to the tank at the same 
rate as it flows out at B 

electric current flows across a conductor only 
if there is an electric potential difference be¬ 
tween its two ends, just as water flows through 
the horizontal tube only if there is a pressure 
difference between the two ends. Secondly, to 
maintain a steady current flow, one needs an 
agency which does work on the charges. This 
agency is the seat of the electromotive force 
or emf., as explained further below In the 
case of water flow, the agency is the pump P 
which does \york at a steady rate in putting 
the water back up into the tank. Finally just 
as for a given tube, the current of fluid flow¬ 
ing out depends on its viscosity (compare say, 
honey and water), similarly the electrical cur¬ 
rent flowing for a given potential difference 
depends on the electrical resistance (or sim¬ 
ply the resistance) of the conductor. In Fig 
3 2 we show a simple electrical or charge flow 
circuit similar to the water flow circuit of Fig. 
3,1. A steady electric current i flows through 
the resistor R, from A’ to B. The potential 
drop between A and B is V. A source P of 
emf does work on the charges as they come 
through-at B The charge is transferred from 


A B 

->-VvW->- 

Figure 3.2: A charge flow circuit analogous to 
the water flow circuit of Fig 3 1, A steady lelectric 
current flows across the resistor AB if a source P 
of emf (e g , a cell) is connected across it. 

one end of the source of emf to the other (from 
- to -P in the figure) and a work qV is done on 
a charge q 

The source of emf, by doing work on 
electric charges, maintains a potential dif¬ 
ference V "between its terminals or posi¬ 
tive and negative ends. Such a device is 
called a seat of electromotive force or emf ., 
If such a device is connected as shown in Fig. 
3 2 across the resistance R, a steady current i 
flows through the circuit. 

The seat of the emf could be a battery or an 
electrochemical cell In this, chemical energy 
is converted to electrical energy in such a way 
that a potential difference exists between two 
terminals of the cell. (See Section 4 4). This 
was historically the first source of emf and led 
to the establishment of steady electrical cur¬ 
rents and discovery of its consequences. The 
most important or widespread seats of emf are 
electric generators. These could, for exam¬ 
ple, produce potential differences of the order 
of 11 to 15 thousand volts These voltages are 
further increased to larger values, and electric¬ 
ity IS transmitted across large distances before 
the voltages are reduced in steps to about 220 
V, the emf that you can normally measure 
with a suitable meter between the two holes 
of a socket in your house. (Chapters 7 and 8 
discuss the principle of the generator). Some 
other Seats of emf are solar or photovoltaic 
cells (solar energy converted to electrical en¬ 
ergy) and thermocouples (Section 4 3). 

The emf £ of the seat (or source) is defined 
as the work done per unit charge, W/Q, 
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where W is the work done by the source 
on a charge Q, i e. 

E = (3.3) 

Q 

The work is done in taking a positive charge 
through the seat of the emf from the low po¬ 
tential end to the high potential end. Clearly, 
the seat has emf whether current flows or not. 
The emf (when no current flows through the 
seat) is exactly equal to the potential differ¬ 
ence between its ends. The unit of emf is the 
same as that of electric potential, namely 
volt (V) However, the phrase emf is always 
associated with a seat or source of potential 
difference, an active device which maintains a 
potential difference across its terminals. For 
example, when we say that the dry cell has 
an emf of 1.5 V, we mean that it maintains a 
potential difference of 1.5 V between its pos¬ 
itive and negative terminals; it does a work 
of 1.5 J on one coulomb passing through it 
from the negative to the positive terminal, en¬ 
abling the charge to pass through. Finally, the 
name electromotive force suggests an active 
device moving electrical charge (electro mo¬ 
tive means moving electrical charges); how¬ 
ever, the word force is somewhat mislead¬ 
ing since the dimension of emf is energy per 
charge, whereas the dimension of force as you 
already know is energy per unit length (or dis¬ 
tance) . 

3.2.3 Resistance 

When a source of emf is connected to a wire 
or any other object (called conductor) allow¬ 
ing the passage of electrical charge, there is 
a voltage drop V across the conductor and a 
steady or direct current (say 7) flows through 
it (and the source of emf). The ratio of the 
two, namely (V/I), is called the electrical re¬ 
sistance of the conductor Clearly if a small 
current I flows through the conductor for a 
given voltage V, its resistance is high The 
unit of emf is a volt (after A. Volta, who 
was one of the inventors of the electrochem¬ 
ical cell). This unit has been defined earlier, 
in Section 2.2. The ratio of one volt and one 


ampere (the SI unit of current) is the unit of 
electrical resistance, and is called ohm (sym¬ 
bol n) 

3.3 Ohm’s law and resistivity of 
materials 

3.3.1 Ohm’s law 

In 1828, Georg Simon Ohm, a German physi¬ 
cist, found that for many substances, the elec¬ 
trical current I flowing through them is pro¬ 
portional to the voltage V across their ends. 
This empirical relation 

Voc I (3 4) 

is called Ohm’s law The constant of propor¬ 
tionality, called the resistance and given the 
symbol R, is independent of V or 7, but de¬ 
pends only on the substance and its shape and 
size Thus Ohm’s law is 

V = RI (3.5) 

As mentioned above, the unit of resistance, 
(volt per ampere) is given a separate name, 
ohm and a symbol fi. 

3.3.2 Resistance and resistivity 

The resistance of a material depends (as men¬ 
tioned above) on the nature of a substance as 
well as on its shape and size. The latter de¬ 
pendence is easy to understand Consider a 
steady current 7 flowing through an electri¬ 
cally conducting wire of constant cross sec¬ 
tion A and length 1, the potential drop across 
the conductor being V, Suppose now that 
the length of the wire is doubled to 2Z, the 
current flowing through remaining the same 
(Fig. 3.3a). Clearly the voltage drop across 
the second half, of length i, is the same as 
that across the first half, i e. V. The volt¬ 
age across the wire of length 21 's 2V Thus 
the resistance doubles on doubling the length, 
if the cross section and material remain the 
same. We can then argue that generally. 

Roil. (3 6) 
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(a) 



Figure 3.3: Illustration of factors affecting resis¬ 
tance and current flow (a) A wire of length 21 and 
constant cross section, divided into two halves of 
length 1 (b) a wire of square cross sectional area 
A, imagined to consist of two rectangular wires of 
cross sectional area (A/2) 

How does resistance depend on the cross- 
sectional area A? To find out, again imag¬ 
ine a simple case, say of a conductor with a 
square cross section, and imagine it as being 
made of two rectanguiar parallei wires, each 
of cross sectional area (A/2), touching each 
other throughout their length (Fig 3.3b). 
Clearly both wires carry equal current, being 
identical. Since the total current is I, the cur¬ 
rent flowing in each half is (//2). Since the 
potential drop across either half is V, its re¬ 
sistance IS V/{I/2) = 2R. Since the half wire 
slice and the full wire diflfer only in cross sec¬ 
tional area and that too by a factor of two, we 
conclude, on generalizing this example, that 

R oc (1/A) (3.7) 

Combining (3.6) and (3.7), we see that 

R oc (I/A) (3.8a) 

or 

R = p{l/A) (3.8b) 

where the constant of proportionality p, called 
resistivity, depends neither on the length nor 


on the (uniform) cross-sectional area of the 
conductor. It is a property of the material; 
it also depends on physical conditions such 
as temperature and pressure. Resistivity is 
measured in units of ohm metre (fim) as one 
can see from Eq. (3.8b). If the resistivity 
of a substance is known, the resistance of a 
given piece of it can be calculated provided 
its length, cross-section etc. are known Very 
often the inverses of R and p, called conduc¬ 
tance and conductivity are used. Their com¬ 
monly used symbols are O and cr; their units 
are (ohm)“^ or mho and (ohm m)“^ or mho 
m~*. The unit siemens (symbol S) is also used 
for (ohm)“^ 

The electrical resistivity of substances 
var.es over a very wide range as can be seen 
from Table 3 1 We notice that metals have 
low resistivities, in the range of 10~® flm to 
10“® flm. They are good conductors of elec¬ 
tricity. At the other end are substances like 
glass and rubber which are 10^^ to 10*“' times 
more resistivel These are insulators. In be¬ 
tween, on a logarithmic scale, he the resistiv¬ 
ities of semiconductors like Si and Ge. 

Different materials arc useful for different 
electrical purposes. A copper or aluminium 
wire, having low resistance, is ideal for trans¬ 
porting electrical current without appreciable 
loss of energy, as we shall see in Chapter 4. 
In many electrical and electronic circuits, re¬ 
sistances of fairly large specified values, c.g 
Ikfl, or 33.7 kfl are needed. Such resistances 
are often made of some kind of semiconduct¬ 
ing material, e.g carbon If electrical current 
is not to pass between two points, then a good 
insulator (e.g. mica, bakelite, glass) should 
intervene. 

Resistances with a wide range of values are 
extensively used in electrical and electronic 
circuits. A colour code is used to indicate the 
resistance value and its percentage accuracy. 
The resistor has a set of coaxial rings on it 
with their significance as indicated in Table 
3 2 The first two bands from the end indicate 
the first two significant figures of the resis¬ 
tance, in ohms The third band indicates the 
decimal multiplier and the last band stands 
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Table 3.1: Electrical resistivities of some substances 


Material 

Resistivity 
(Q m) at 0° C 

P 

Temperature 

coefficient 

(“ C)-' 

1 at 0“G 

Number of outer 
(valence) 
electrons per 
unit cell 

A Conductors 

Silver 

1 6x10-® 

0 0041 

1 

Copper 

1.7x10-* 

0 0068 

1 

Aluminium 

2.7x10-® 

0 0043 

3 

Tungsten 

5 6x10-* 

0 0045 

6 

Iron 

10x10-* 

0 0065 

8 

Platinum 

11x10-® 

0 0039 

10 

Mercury 

98x10-* 

0 0009 

2 

Nichrome (alloy of Ni, Fe, Cr) 

^ 100x10-® 

0 0004 


B. Semiconductors 

Carbon (graphite) 

.3 5x10-* 

-0.0005 

4 

Germanium 

0.46 

-0.05 

4 

Silicon 

2300 

-0 07 

4 

C. Insulators 

Glass 

10'“ -10” 


7 

Hard Rubber 

10” -10'® 


7 

NaCl 

~ lo'-* 


8 


Table 3.2: Resistor colour code 


Colour 

Number Multiplier 

Tolerance 

(%) 

Black 

0 

1 


Brown 

1 

10' 


Red 

2 

10^ 


Orange 

3 

10* 


Yellow 

4 

10“ 


Green 

5 

10* 


Slue 

6 

10® 


Violet 

1 

107 


Gray 

8 

10* 


White 

9 

10“ 


Gold 


10-' 

5 

Silver 


10-7 

10 

No colour 



20 



(a) 


Violet 



(b) 


Figure 3.4: Colour coded resistors 

(a) (22 X 10^12) ± 10% (b) (47 xlOfi)± 5% 
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for the tolerance or possible variation in per 
cent about the indicated value (Sec Fig. 3.4) 

So far, we have not said anything about 
what flows when there is an electrical current, 
why current and voltage are related by Ohm’s 
law, and what determines electrical resistivity. 
The remainder of this Section is concerned 
with such questions. 

3.3.3 Carriers of current 
Inmost substances, electrons flow when there 
is a voltage difference between two parts of it. 
In a few cases, e g. ionic crystals and some 
electrolytic liquids, e g. salt solution, positive 
and negative ions carry the electrical current 
(Chapter 4). How do we know that electrons 
carry the current in most conductors? An 
experiment directly suggesting this was per¬ 
formed by the American physicists Tolman 
and Stewart in 1917. They measured the an¬ 
gular momentum due to the charges flowing 
with a certain average drift speed in a circular 
loo.p carrying current This angular momen¬ 
tum can be shown to depend on the charge to 
mass ratio (e/m) of the charge carriers, and 
thus to identify them. 

In metals or good electrical conductors, 
electrons are free to move inside the solid. In 
many cases each atom contributes all its elec¬ 
trons outside the closed shell (outer or valence 
electrons) so that the number of free electrons 
is equal to the number of atoms times the 
number of valence electrons per atom. How¬ 
ever, these electrons do not spill out of the 
metal because they are attracted back to the 
ions in the solid, and also because of other 
surface forces. Therefore, energy called the 
work function is needed to remove an elec¬ 
tron from inside the metal to the space out¬ 
side When two metals are joined together, 
changes (must and do) take place at their in¬ 
terface such that no electrons flow freely from 
one metal to another if there i? no potential 
difference between the two, and electrons flow 
only if the potential difference is nonzero 

★ Why IS It that electrical current is carried in 
most solid conductors by electrons? As you know 


(Chapter 9 of Class XI textbook) atoms are very 
close to each other in a solid This means that 
the outer or valence electrons of one atom are 
close to neighbouring atoms, experiencing forces 
due to them If these forces are strong enough 
an electron in a solid need not be attached to 
a particular atom, but can hop from one atom 
to the next, it moves around in the entiie solid 
The elettrons outside a closed shell are 'free' in 
this sense and can carry electrical current (see 
below for details of the mechanism) This pic¬ 
ture IS incomplete because it would imply that 
alt solids containing atoms with electrons outside 
a closed shell ought to be good conductors of 
electricity, This is not true Many such solids, e g 
sulphur and diamond are insulators The reason 
that some solids are metals and others insulators 
has to do with the wave nature of electrons. It 
turns out that if the number of valence electrons 
per unit cell of the crystalline solid (See Section 
10 1 of Class XI textbook for a discussion of the 
unit cell) IS even, the solid con be an insulator or 
a metal It is a metal If this number is odd This 
rule IS not easy to explain at this stage, but can be 
applied easily enough Consider some first group 
solids, namely Li, Na, K, Rb, Cs, Cu, Ag, Cu They 
all have one atom in a unit cell of the crystalline 
solid An atom of any one of these elements has 
one electron ca'Ied the valence electron, outside 
the closed shell This is true of the .noble metal 
atoms in their monovalent or 'ous' stare, not in 
their divaleht or 'ic’ state Thus these solids with 
one outer electron per unit cell are expected to 
be metallic as indeed they are Now consider the 
fourth group elements C, Si, Ge, Sn, Pb They 
all again have one atom per unit cell in the crys- 
tall„iB solid state, and four valence electrons per 
atom According to the rule above, these solids 
with tour outer electrons per unit cell can be insu¬ 
lating or metallic, Carbon in the form of diamond 
IS an insulator, as are silicon and germanium Tin 
and lead are metallic The idea can be applied 
to compounds as well, e g, NaCI has 1+7 = 0 
valence electrons per unit oell, and Is an insulator 

In some cases, this rule is violated, and solids 
with an odd number of electrons per unit cell are 
insulators. In other cases, e g tor glassy and 
amorphous-systems and liquids, a unit cell cannot 
be defined, many such insulators, e g glass, 
rubber, transformer oil, are well known We do not 
fully understand why such systems are insulators, 
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this Is an active area ol research. ★ 


3.3.4 Nature of electrical resistance 

We now try to understand Ohm’s law, or the 
flow of electric charge in a conductor when a 
potential difference V exists eicross its ends, 
in terms of free electrons moving under the 
influence of the voltage V. The conductor is 
of length I, so that the electric field E inside 
it is (yjl), i.e. 

E = (y/1). (3.9) 

The field points in the direction shown Fig. 
3.5. 


- t -► 



V-► 


Figure 3.6; A conductor uf uniform cross-section 
and length 1. The electric potential difference 
across it b V. The electric field inside is G as 
shown, with a magnitude {V/l) 

In the absence of an electric field, electrons 
in a conductor move with different velocities 
in all possible directions, no particular di¬ 
rection being preferred The distribution of 
speeds is shown in Fig. 3.6. The electric field 
causes an acceleration {eE/m) of each elec¬ 
tron in its direction. This acceleration contin¬ 
ues till it is disrupted by random collisions of 
electrons with vibrating atoms or with atoms 
in the wrong place. The path of an electron 
undergoing random collisions may look like 
Fig. 3.7. If the average time between col¬ 
lisions is T, the average drift velocity of an 
electron is 

vd = {eE/m)T. (3.10) 

To calculate the resulting current, we count 
the number of electrons passing through the 
cross section A of the conductor in a short 



Figure 3.6: The distribution of speeds of free elec¬ 
trons in a metal at 0 K The number between v and 
V + Av is proportional to the shaded area, There 
are no electrons with speed larger than vp typically 
of order lO'm/s The curve is a parabola. The dis¬ 
tribution of speeds at room temperature is nearly 
the same. 



Figure 3.7: A schematic picture of an electron 
moving from a point A to another point B through 
repeated collisions and straight line travel between 
colli8ion8(full lines) If an electric field is applied 
as shown, the electron ends up at point B'(dotted 
lines). A slight drift in a direction opposite the 
electric field is visible 
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Figure 3.8: Current m a metallic conductor. The 
symbols are as discussed in the text 


ity Vi = {eErfm), Eq. (3.10), on account of 
random, deflecting collisions which relax the 
electron distribution to equilibrium. The for¬ 
mula Eq. (3 10) is somewhat similar to the 
Stokes formula Eq (10 20) of the class XI text 
book, where it was shown that the velocity of 
a sphere in a viscous medium is proportional 
to the force acting on it In our case, the 
analogue of viscosity is the resistance to the 
flow of electrons caused by the collisions or 
deflections described above. 


time At If the drift velocity is Vi all elec¬ 
trons within a distance Ax = uj At of the 
cross-section will pass through it within the 
time At (See Fig. 3.8). Now if the number 
of electrons per unit volume is n, the num¬ 
ber in the volume AAx is nAAx These carry 


through A is 


/■oo 

Vi = v{t)P{t) dt 

Ag Ax 

J = -— = neA -r- 
At At 

(3.11) 

Jo 

r,eE , 

Jo ^ T 

neAviAt , 

— ---= ncAvd 

At 

(3.12) 


tAt One IS tempted to argue that if the uniform ac¬ 
celeration {eE/m) acts for a time t, the average 
velocity IS (l/2)(eET/m) i e half the value given 
in Eq(3.11) This argument is wrong, because 
collisions are random processes. The probability 
P that an electron does not collide in a time t is 
^ so that the average velocity gam Is 


di = r£i. (3.16) 
m 


p(t) = 


The current J can also be thought of as fol¬ 
lows- a current density j = nevi (current per 
unit area) flows through an area A so that the 
current I = jA=^ neviA Now, 


I = neAvi = neA —r 

T7l 


= neA -—r 

Im 

_ ne^T A^ 
m 1 

01 V = RI = 

A 

(3 13) 

(3 14) 

where-p = — 
ne^T 

(3 15) 


We have thus derived Ohm's law from first 
principles; what is more, we have been able, 
in Eq. (3.15), to relate the resistivity p to 
properties of the conductor such as electron 
density n and average time r between colli¬ 
sions (called relaxation time). An interest¬ 
ing feature of Ohm’s law is that a uniform 
force eE on electrons gives rise, not to a 
net acceleration {eElm), but a drift veloc- 


We now discuss the relation Eq (3.15) for 
resistivity . the resistivity depends inversely 
on electron density n and the collision time 
T. For a given metal (fixed n), the latter 
IS a function, clearly, of what causes colli¬ 
sions. They may be due to atomic vibrations. 
Since the amplitude of vibrations increases 
with thermal energy or temperature, collisions 
become more effective and frequent as temper¬ 
ature increases Thus the resistivity of metals 
is expected to increase with temperature. Fig. 
3.9a shows that for pure copper, this is in¬ 
deed the case. Around room temperature and 
above, resistivity increases linearly with tem¬ 
perature In the temperature range in which 
the resistivity or resistance increases linearly 
with temperature, one can define a temper¬ 
ature coefficient (of resistivity or resistance) 
as the fractional increase in resistivity or re¬ 
sistance per unit increase in temperature It 
is given a symbol a and has dimensions of per 
degree celsius (or whatever the temperature 
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unit). Typical values of a range for metals 
from 10"^ to 10"'‘/(°C) At low temperatures, 
however, the resistivity increases as a higher 
power of temperature (.see Fig. 3.9(a)). In a 
number of other metals, e g. mchrome, which 
is an alloy of nickel with chromium, th® resis¬ 
tivity 13 very large, and very weakly tempera¬ 
ture dependent [Fig. 3.9(b)] This is because 
an elertron in the alloy sees a very disordered 
arrangement of Ni^'*' and Gr^"^ ions and is ran¬ 
domly scattered by them, this scattering be¬ 
ing very little affected by temperature. Thus 
there is a large resistivity even at the absolute 
zero (zero degree Kelvin\ this is called resid¬ 
ual resistivity. This fact can be and actually 
is used to check on the purity of elemental 
metals. If the metal is very pure, the residual 
resistivity is very small. 



Figure 3.9: Resistivity p{T) of (a) copper and 
of (b) mchrome as a function of absolute tempera¬ 
ture T The resistivity is in units of 10~*Rm or nil 
cm, and the temperature is m kelvm 


In many system.s, the resistivity increases 
nearly expbnentially as temperature de¬ 
creases, becoming very large at low tempera¬ 
tures (infinite in the limit T —> 0). Such suh- 
stances (i e. those having infinite resistance 
at T = 0) are called insulators (or semicon¬ 
ductors, see below for an explanation of the 
difference). By contrast, metals have either 
zero electrical resistance (if pure and perfect) 
or finite resistance (if alloyed or disordered) as 
T —>0. The temperature dependence of resis¬ 
tivity in insulating substances is often given 
by 

p(r) = pq(T) (3.17) 

where kg is the Boltzmann constant and Eg 
IS a positive energy. The pre-exponential fac¬ 
tor Po(T) is weakly dependent on temperature 
and IS typically of order one to a hundred mi¬ 
crohm meter or so. The very large variation in 
the resistivity of substances is due to the fact 
that Bg can vary from nearly zero to several 
electron volts (eV). Now at room temperature 
kgT 0 03eV so that the exponent can be as 
small as zero and as large as hundred or more, 
The division of nonconducting substances into 
semiconductors and insulators has to do with 
the size of the energy Eg. If Eg < leV or so, 
the room temperature resistivity is not very 
high and the substances are called semicon¬ 
ductors For Ej > 1 eV, the resistivity is vei^ 
high (greater than about 10^ flm at room tem¬ 
perature) and the substance is called an insu¬ 
lator. 


★ Eq (3 15) lor electrical resistivity, in coniunc- 
tion with the Eq (3 17) means that either the 
number density n of electrons or the relaxation 
time changes exponentially with temperature. It 
turns out that the former is correct; the electri¬ 
cal conductivity of an insulator is small because 
the number density of electrons carrying the cur¬ 
rent IS exponentially small, The probability of a 
particle in thermodynamic equilibrium at a tem¬ 
perature T having an energy E is proportional to 
exp {-EfkgT), (This is known as the Boltzmann 
thermal probability distribution and kg is therefore 
called the Boltzmann constant) Thus in insulators 
an energy Eg is required to 'free' an electron for 
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transporting current One has 

n(T) = rioexp {-Eg/kgT) (3.18) 

where no is typically of order 10“ /m^ ( metallic' 
electron density) The energy Eg is cal'id an en¬ 
ergy gap The exponential increase in resistivity 
as temperature decreases is a characteristic elec¬ 
trical property of semiconductors and insulators 

★ 


Example 3.11 (a) Estimate tJie average 

drift speed of conduction electrons In a cop¬ 
per wire of cross sectional area 1 0 x 10“^ 
ni^ carrying a current of 1 5A. Assume that 
each copper atom contributes roughly one 
conduction electron The density of copper 
is 9 0 X 10^ kg/ m'^ , and its atomic mass Is 
63 5 

(b) Compare the drift speed obtained above 
with (1) thermal speeds of copper atoms at 
ordinary temperatures, (li) speeds of elec¬ 
trons carrying the current and (111) speed of 
propagation of electric field along the Con¬ 
ductor which causes the drift mc*ion 


Answer t (a) The direction of drift velocity 
of conduction electrons is opposite to the elec¬ 
tric field direction, i.e. electrons drift in the 
direction of increasing potential. Tiie drift 
speed vd is given by 


vj = (I/neA) (3.19) 

Now, e = 1.6 xlO~'®C, A = 1.0 x 
I = 1.5A. The density of conduction elec¬ 
trons, n Is equal to the number of atoms per 
cubic metre (assuming one conduction elec¬ 
tron per Cu atom as is reasonable from its 
valence electron count of one). A cubic metre 
of copper has a mass of 9.0 x lO^kg. Since 6.0 
xlO*^ copper atoms have a mass of 63.5 g, 

6 0 X 10^^ 


63,5 


X 9.0 X 10® 


= 8.5 X 10*®m-^ 


which gives 

_1_5_ 

8.5 X 10^® X 1.6 X 10-^3 X 1 0 X 10-'^ 


= 1.1 X 10“^m3“‘, 

(b) (i) At a temperature T, the thermal speed 
of a copper atom of mass M is typically of the 
order of y/ kgT/M , where kg is the Boltz¬ 
mann constant. For copper, at 300K, this is 
about 4 X 10^ m/s. This figure indicates the 
random vibrational speeds of copper atoms in 
a conductor. Note, the drift speed of electrons 
IS much smaller, about 10“^ times the typical 
thermal speed at ordinary temperatures. 

(ii) The maximum kinetic energy 1/2 (mup) 
of electron in copper corresponds to a temper¬ 
ature To 10®K, 1 e. (1/2) mvp = kgT,, with 
To ^ 10®K. (This information is from a book 
on solid state physics) Fiom this we estimate 
u;- = 1 4 X 10®m/s Thus the drift velocity is 
nearly 10“® times typical electron speedsi 

(iii) An electric field travelling along the con¬ 
ductor has a speed of any electromagnetic 
wave, n^ely equal to 3 0 x 10®ms~^. The 
drift speed is, in comparison, extremely small; 
smaller by a factor of 10"'^. 


•k The drift velocity is rather small, as Example 
3 1 shows. How IS It then that an electric bulb 
lights up as soon as we turn the switch on, i e 
connect it to tine mams'’ To see what is involved, 
imagine a simple circuit with a battery, a switch, 
and a small battery lamp, connected as shown 
(Fig 3 10a). When the switch is off (Fig 3 10a), 
the voltage at the two ends of It is as shown, 
I e. the difference (Vi — V 2 ) is equal to the emf 
of the cell The moment the switch Is turned 
on, the voltage difference across it is reduced to 
zero, and the distribution of electric potential is 
as shown in Fig. 3 10b. This is quite different 
from the final voltage distribution when a steady 
current flows through the circuit (Fig, 3 10c) The 
question then is, how long does it take to go 
from the state described in Fig, 3 10b to that in 
Fig 3 10c? Clearly, the voltage or electric field 
in various parts of the circuit depends, on time 
during this period We shall see in Chapter 9 that 
a time varying electric field produces a magnetic 
field and in Chapter 7 that a time varying magnetic 
field produces an electric field Further, we will see 


uj = 
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Figtire 3,10: Three stagea of completion of an 
electrical circuit (a) Open circuit (b) Juat after 
the circuit i8 completed (c) Steady state voltage 
distribution 

(Chapter 9) that these connected electrical and 
magnetic fields travel (propagate] with a speed c 
~ 3 X 10® m/s In free space This is the speed of 
light, which is an electromagnetic wave. It turns 
out th^it in many situations the speed with which 
a steady state is attained, Is close to (but less 
than) c The speed also depends on a number of 
circuit features, e g. capacitance, as we shall see 
for simple examples in Chapter 8 We note that 
a particular electron does not have to physically 
reach the electric bulb in order for the current to 
flow. An electric field has to be established in each 
region of the conductor such that an appropriate 
steady current flows in that part (in our simple case 
the same current flows In each part of the circuit) 
This process can occur with a speed comparable 
to that of light For example, when a message is 
tapped out from one end of a telegraph wire (i e, 
when the circuit Is connected and disconnected in 


a particular way so as to produce voltage pulses 
with a certain pattern), it reaches the other end 
with a speed close to c. 


3.3.5 Limitations of Ohm’s Law- 

Ohm’s law is not a fundamental law of na¬ 
ture, but a commonly found property of piany 
substances under certain conditions. In many 
cases, therefore, the relation between voltage 
and current is different from that of Eq. (3.5). 
Some of these are specially worth mentioning. 



Figure 3.11: The dashed line represents the linear 
Ohm’s law. The solid Ime is the voltage V vs 
current I for a good conductor 


There are a number of commonly used cir¬ 
cuit elements with one or more of the following 
properties: 

(a) V depends on I nonlinearly. 

(b) The relation between V and I depends on 
the sign of V for the same absolute value of 
V". 

(c) The relation between Y and I is non- 
■unique, that is, for the same current I there 
IS more than one value of voltage V. 

We illustrate these with examples now If 
the current flowing through a conductor is in¬ 
creased, the conductor becomes hotter and its 
resistance increases. But even if the temper¬ 
ature is kept constant, some conductors show 
an increase in resistivity as current increases 
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(Fig. 3.11). This is genuine nonlinear be¬ 
haviour, easiest to see in p-n junctions, briefly 
described below. A detailed discussion of their 
nature and charactersitics is given in Chapter 
14, 


A p-n junction diode rectifier combines 
properties (a) and (b). It consists of a junc¬ 
tion of two kinds of semiconductors, p find 
n type germanium for example (Fig. 3.12). 
A voltage V is applied across the junction 
The resulting current is shown in Fig. 3.13a. 
We notice that V is not proportional to I. 
Further, hardly any current flows till a fairly 
large negative voltage (called negative or re- 
**Verse bias) V is applied, whereas a sizeable 
current begins to flow for much smaller posi¬ 
tive or forward bias. This property makes it 
useful as a circuit element which allows cur¬ 
rent to pass in only one direction; such a de¬ 
vice IS called a rectifier. 

Fig. 3,13b shows the characteristics of a 
device known as the thyristor, which consists 
of four alternate layers of p- and n-type semi 
conductors. Notice again that V is not pro¬ 
portional to I. All the features (a), (b) and 
(c) can be seen in the graph. The region AB is 
interesting because here the current carried by 
the device increases as the voltage decreasesi 

A more subtle and fundamental breakdown 
of Ohm’s law, or more precisely t(ie relations 
Eqs (3 6) and (3.15) occurs in certain alloys 
at very low temperatures of order 4K or less. 
It is found for example that the resistance of 
a wire of constant cross section and the same 
material, with length 21 is more than twice 
the resistance of the wire with length 1 We 
have thought of electron flow as similar to flow 
of a viscous liquid in a tube under a pressure 
gradient (Poiseuille’s experiment, Chapter 10, 
class XI text book). However, electrons have 
a wave character (Chapter 12). This leads to 
interference effects, increasing the resistance 
with respect to the value it would have if elec¬ 
trons flowed like water. 


p n 




Figure 3.12: A p-n junction diode rectifier 
(shown as ->|-). (a) Diode m forward bias (b) 
Diode m reverse bias 




Figure 3.13: (a) Characterstics of a diode Note 
the different scales for negative and positive values 
of the voltage and current 
(b) Characterstics of a thyristor 
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3.3.6 Superconductivity 

Are there systems in which electrons can flow 
without any resistance whatsoever? As we 
all know through newspaper reports in the 
last few years (1987- to present), there are 
many,such; namely the superconductors. Be¬ 
low a certain temperature (e.g. 10 K for Nb 
and 90 K for YBajGuaO?), these substances 
lose their electrical resistivity entirely. This 
spectacular behaviour is certainly not because 
ionic vibrations that cause deflections cease. 
The reason is rather that electrons are not in¬ 
dependent in a superconductor, but are mu¬ 
tually coherent. Ionic vibrations are unable 
to deflect this coherent or cooperative cloud 
of electrons. It is still not clear how ex¬ 
actly this coherence comes about in the re¬ 
cently discovered oxide superconductors, e g. 
La2_x^^x^^^4i 'Vxla2Cu307 


Example 3.X i An electric toaster uses 
nichrome (aa alloy of nickel and chromium) 
for Its heating element When a negligibly 
small current passes through. It, Its resis¬ 
tance at room temperature (27.0°C) is found 
to be 76.3n. When the toaster Is connected 
to a 230V supply the current settles after a 
few seconds to a steady value of 8 68A What 
is the steady temperature of the nichrome 
element? The temperature coefficient of re¬ 
sistance of nichrome averaged over the tem¬ 
perature range Involved Is 1.70 X 10“'* 

Answer I When the current through the el¬ 
ement is very small, heating effects can be ig¬ 
nored and the temperature Ti of the element 
js the same as room temperature. When the 
toaster is connected to the supply, its initial 
current will be slightly higher than its steady 
value of 2.68A‘ But due to heating effect of the 
current, the temperature will rise. This will 
cause an increas. in resistance and a slight de¬ 
crease in current. In a few seconds, a steady 
state will be reached when temperature will 
rise no further, and both the resistance of the 
element and the current drawn will achieve 
steady values The resistance Ez at the steady 


temperature T 2 is 

230V 


E2 = 


= 85.817 


2.68A 
Using the relation 

E 2 = Ei[l-ba(22-Ti)] • 

with a = 1.70 x lO""* G“* we get 

T T = 

^ ’ (75.3) X 1 ,70 X 10--* 

i.e. r 2 = 820 + 27 0 = 847°C. 

Thus the steady temperature of the heating 
element (wfien the heating effect due to the 
current equals heat loss to the surroundings) 
IS 847“ G 


3.4 Electrical circuits and Kirchhoff’s 
rules 

In this Section, we introduce two simple and 
general ideas which can be applied to find out 
the electrical current flowing through or the 
voltage drop across resistances in complicated 
circuits Such circuits are extremely common 
in modern electrical and electronic systems. 
Fig. 3 14 shows a real life medium wave re¬ 
ceiver circuit It contains several circuit ele¬ 
ments which will be discussed later (see e.g, 
Chapters 7 and 14, and appendix C for expla¬ 
nation of symbols). 

Here we make a beginning with resistances 
as the circuit elements, and show how Kirch¬ 
hoff’s rules, based on charge neutrality in a 
metal and conservation of energy, greatly help 
in calculating electrical properties. The rules 
are obviously applicable to more complicated 
circuit elements. 

3.4.1 Electrical circuits 
Internal resistance 

Let us first consider a very simple circuit, i.e. 
one with a resistance R connected to a source 
of emf (labelled B in Fig. 3.15), with emf £ 
Now most sources of emf have internal resis¬ 
tance, e.g. in a cell, the ions have to move 
against the background of other ions and of 
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I_^VV'_I 

R 

Figure 3.15: Source of emf connected to a resis¬ 
tance R The emf source has an internal resistance 
T, shown conventionally as m the figure, P and Q 
are the external terminals of the source of emf,- 

neutral atoms thus giving rise to electrical in¬ 
ternal resistance. 

The total work done by the source in tak¬ 
ing a unit charge from the negative to the 
positive terminal is £, as per the definition 
of emf given in Eq.(3.3). Because of inter¬ 
nal resistance, part of this work (denoted by 
W') is used up in the source. The remaining, 
namely (£ — W) is used to ihaintain the po¬ 
tential difference Vext between the terminals 
V^t = £- W. 

This IS the voltage that wou’d be measured 
across the terminals PQ of the emf source 
if current flows through the circuit. Now'if 
Ohm’s law is valid for current flow inside the 


cell B, we can characterize it by an internal re¬ 
sistance r. In a circuit, it can be represented 
as in Fig. 3.15 by a resistance r in series with 
the cell; P and Q are the external terminals 
of the cell, and r is actually the internal resis- - 
tance of the cell If a current i flows through 
the circuit, 

V^i=^(:-W'^8-ir (3.20) 

but Vext = iR by Ohm’s law. So, we have 

e = V,xt + ^r=^l{R + r) (3.21) 


Example 3«3t (a); A car has a fresh stor¬ 
age battery of emf 18 V and Internal resis¬ 
tance 5 Ox 10“^n If the starter motor draws 
a current of 90 A, what Is the terminal volt¬ 
age of the battery when the starter Is on? 

(b) After long use, the internal resistance 
of the storage battery Increases to 600 fl 
What maximum current can be drawn from 
the battery? Assume the emf of the battery 
to remain unchanged. 

(c) If the discharged battery is charged by an' 
external emf source. Is the terminal voltage 
of the battery during charging greater or less 
than Its emf 12 V? 

Answer I (a) The voltage drop across the 
terminals of the battery (terminal voltage) V 
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IS related to the open- circuit voltage drop (i.e 
einf of the battery) by the relation 

V = £ — ir 

For £ = 12V, i = 90A and r = 0 051) 

V = 12-4.5 = 7 5V 

(b) The maximum current from a battery can 
be drawn by shorting it. Then V = 0 and 

Zmax = ('?A) = 2 4 X 10-^ = 24 mA. 

Clearly, the battery is now useless for start¬ 
ing the car and must be charged again 

(c) During charging of the accumulator, the 
current inside the cells (of the accumulator) is 
opposite to what it is when the accumulator 
discharges. That is, during charging, current 
flows from the -fvc to -ve terminal inside the 
cells. Consequently, during charging 

V = £ + /r 

Hence V must be greater than 12 V during 
charging 


Resistances in series and in parallel 


(a) Rc<swtancea in .series Imagine two or 
more resistors in scries, i c connected one 
after another so that the same current flows 
through them (Fig 16a) As you know, 
the total resistance of the collection is the 
sum of individual resistances To see this, 
suppose a current i flows through the resis¬ 
tances. The potential difTercnce V between 
the points P and Q is the sum of voltage dif¬ 
ferences across the sequence of resistors, i e,, 
i{R\ -t- 7?2 + • ■ Rn)< and the current flowing is 
i, so that the resistance is 

(V/i) = R= Ri+.. +Rr, (3 22) 

This is the well known formula for the total 
resistance of n resistors in series 



Figure 3.17: An electrical circuit 


. 1 R2 -^n 

P -♦ —• Q 

(a) 



(b) Resistors in parallel: In Fig. 3.16b, we 
show n resistors connected ‘m parallel’ with 
one another. In this case, the current flowing 
into P is divided among the n resistors. 


I = ii + 12 + 13 + in (.3.23) 

However, the potential dilTerence across any 
resistor is the same, namely 


i\R-i = 12/72 = ,., = inR-n = V. (3 24) 


These equations can be thought of as deter¬ 
mining the currents , 22 . , i„. 
Substituting in Eq. (3 23), we have 


V V V V 

+-r:-r 


_ 1 _ 1 _ ^ _ 1 

i72 Rn' R 


Figure 3.16: (a) Resistors m series (b) Resistors 
m parallel 


or 


(3.26) 
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This is the equally well known formula for the 
total resistance of n parallel resistors. 

We notice that the Eq. (3 26) uses the fact 
that there is no net current at the junction 
p i e, the current going in equals the cur¬ 
rent going out Also, the potential difference 
across any resistor is the same, or if we com¬ 
plete the circuit PQ QP via a path in¬ 
volving any two resistors, the total potential 
change is zero These facts, called Kirchhoff’s 
rules, arc very useful for many electrical cir¬ 
cuit problems; they arc discussed in detail be¬ 
low, with a simple circuit (Fig. 3 17) as an 
example, 

3.4.2 KirchhofF’s rules 

(a) First or junction rule. This rule is based 
on the fact that charge cannot accumulate at 
any point in a conductor in a steady situa¬ 
tion It states that at any junction of sev¬ 
eral circuit elements, the .sum of currents 
entering the junction must equal the .sum 
of currents leavinq it Unless this happens, 
net positive or negative charge will accumu¬ 
late at the junction at a rate equal to the net 
electrical current at the junction. Consider 
for example, the circuit in Fig. 3.17, At the 
junction a, h flows in and I\ and Ii flow out. 
We must then have 

h=h+l2 (3 27) 

Applying this to another junction of this 
circuit leads to nothing new. For further 
progress in analysing this circuit, we need an¬ 
other rule, given below 

(h) Second or loop rule’ The algebraic sum 
of changes in potential around any closed 
resistor loop must be zero. Otherwise, one 
can continuously gain energy by circulating 
charge around a closed loop in a particular di¬ 
rection, So, this rule is based on energy con¬ 
servation Now consider the loop ahdeba in 
Fig, 3 17 

We have, from Kirchhofif’s second law, 

■ -307, - 41/j -I- 45 = 0. (3.28a) 


For the second loop, the circuit ahdefga is 
taken We have 

-30/, + 2172 - 80 = 0, (3 28b) 

These three equations (Eqs 3 27-3.28) can be 
used to calculate I ), 1-2 and 7., to be -0 86 A, 
2.59 A and 1.73 A respectively 

Thus the rules enable one to determine the 
currents and voltages in different parts of the 
circuit 


Examiklc 3.4: A netwoik of resistances 
is connected to a 16 V battery with inter¬ 
nal resistance oi Ifl as shown in the figure 
(a) Compute the equivalent resistance of the 
network (b) Obtain the current In each re¬ 
sistor (c) Obtain the voltage drops V/b , 
Vbc and Vco 



Answer: (a) The network is a simple series 
and parallel combination of resistances. First, 
the two 4f2 resistors in parallel are equivalent 
to a resistance = [(4 x 4)/(4 -1- 4)] = 2f2 
In the same way, the I2fj and 60 resistances 
in parallel are equivalent to a resistance of 
[(12 X 6)/(12-l-6)] = 40, 

The equivalent resistance R of the network 
is obtained by combining these resistances (2 
O and 4 0) with 1 O in series, i.e 7? = 2-|- 
4 -h 1 = 70. 

(b) The total current 7 m the circuit is 

. ^ 16 V 

T — --- 9 A 

J?-|-r (7-f 1)0 



116 


physics 


Consider the resistors between A and B. If 
IS the current in one of the 4 ft resistors 
and I 2 the current m the other, 

/, X 4 = /2 X 4 ' 

1 e /] = I 2 , which is obvious otherwise from 
the symmetry of the two arms But I\ + 

I = 2A Thus = lA i.c current in 

each 4ft resistor is lA. 

Next consider the resistances between C 
and D If /j is the current m the 12 ft resistor, 
and J4 in the 6 ft resistor, 

/j X 12 = /^ X 6, i e I 4 = 2 Ii. 

But /j T = / = 2A. 

Thus/j=^|j a 

i e the current in the 12 ft resistor is 
(2/3)A, while the current m the 6 ft resistor 
is (4/3)A. 

(c) The voltage drop across AB is 

^40 = -fi X 4 = 1 X 4 = 4V 

which IS also obtained by multiplying the total 
current between A and B by the equivalent 
resistance between A and B, 1 e. 

V^B = 2 X 2 = 4V 

The voltage drop across BC is 

Tbc = 2 X 1 = 2V 

Finally, the voltage drop across CD is 

Vco = 12 X /s = 12 X ~ 

which is also obtained by multiplying total 
current between C and D by the equivalent 
resistance between G and D, i e. 

VcD = 2x4= 8V 

Note that the total voltage drop acioss AD is 
4V + 2V + 8V = 14 V Thus the terminal 
voltage of the battery is 14 V, while its emf 
is 16V. The loss of the voltage (= 2V) is ac-' 
counted for by the internal resistance 1ft of 
the battery 2A x 1ft = 2V 


Cxamiile 3.S : A battery of 10 V and ne^li 
giblc internal resislanic Is connetted across 
the diagonally opposite coiner.s ol a cubi¬ 
cal network consisiing of 13 icsislors each 
of icsistame 1ft Dcleiminc the equivalent 
resistance ol the network and the cuiicnt 
along cntli edge of the cube 



Answer: The network is not reducible to 
a simple series and parallel combinations of 
resistances. There is, however, a clear sym¬ 
metry in the problem which we can exploit 
to obtain the equivalent resistance of the net¬ 
work 

The paths AA', AD and AB are obviously 
symmetrically placed in the network Thus 
the current in each must be the same, say L 
Further, at the corn,ers A', B and D, the in¬ 
coming current I must split equally into the 
two outgoing branches In this manner, the 
current in all the 12 edges of the cube are eas¬ 
ily wriilen down in terms of I, using Kirch- 
hoff's first rule, and the symmetry in the prob¬ 
lem. 

Next take a closed loop say ABCC'EA, and 
apply Kirchhoff’s second rule: 

-JR - (1 /2)IR -IR + £ ^0 
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where B is the resistance of each edge and 
f the emf of the battery. Thus, 



The equivalent resistance of the network 
B,g is; 

£ 5 „ 

- j 6 '^^ 

For R = Ifi, Bpji = (5/6)12 and for E = 
lOV, the total current (= 3f) in the network 

13 

3 / = = 12A i c / = 4A 

5/6 

The current flowing in each edge can now be 
read off fi om the figure 

It should be noted that because of the sym¬ 
metry of the network, the great power of 
Kirchhofl’s rules has not been very apparent 
in example .'3.5. In a general network, there 
will be no .such simplification due to symme¬ 
try, and only by application of Kirchhoff’s 
rules to junctions arul closed loops (as many 
as necessary to solve the unknown.s in the net¬ 
work) can we handle the problem This will 
be illustrated in Example II 6 



Example 3.0: Determine the t urrent In 
each branch of the network shown in the 
following figure 


B 



D 


An&wer: Each branch of the network is as¬ 
signed an unknown current to be determined 
by the application of Kirchhoff’s rules To 
reduce the number of unknowns at the out¬ 
set, the first rule of Kirchhoff is used at ev¬ 
ery junction to assign the unknown current in 
each branch. We then have three unknowns 
Ii , I 2 and I 3 which can be found by applying 
the second rule of Kirchhoff to three different 
closed loops Kirchhoff's second rhle for the 
closed loop ADCA gives. 

10 - 4(7, - I 2 ) -b 2(/2 + h-h)~h =0 

( 1 ) 

le., 7/, - 6/2 - 2/3 = 10 
For the closed loop ABCA, we-get 
10 — 4/2 — 2(/2 T /.,) — /] = 0 

i.c /] -b 672 -b 2 /j =10 ( 2 ) 

For the closed loop BCDEB, we get 

5 — 2(^2 + h) ~ 2(^2 -b /j ~ /]) = 0 
i.e, 2Jj - 4/2 - 4/3 =-5 (3) 

Eqs ( 1 ), ( 2 ) and (3) are three simultaneous 
equations m three unknowns They can be 
solved by the usual method to give 

/, = 25a,c, = 5a,;.-i1a I 

The currents in the various branches of the 
network are 

5 1 7 

AB--A, CA'2-A, DEB 1-A 
8 2 8 

AD l^A, CD-QA, BC ■2^A. 

It IS easily verified that Kirchhoff’s second 
rule applied to the remaining closed loops 
does not provide any additional independent 
equation, that is, the above values of currents 
satisfy the second rule for every closed loop of 
the network For example, the total voltage 
drop over the closed loop BA DEB is 



equal to zero, as required by Kirchhoff’s sec¬ 
ond rule. 
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3.5 Measurement of voltages, 
currents and resistances 

Though this Chapter is about currents, volt¬ 
ages and resistances, we have not yet said any¬ 
thing about how these are measured One ba¬ 
sic measuring instrument, whose working will 
be discussed in Chapter 5, is a galvanometer. 
It produces, finally, a deflection proportional 
to the electric current flowing through it Us¬ 
ing a galvanometer, one can make devices for 
measuring voltages and currents called volt¬ 
meters and ammeters respectively (see be¬ 
low) For accurate comparison of voltages, 
one uses a potentiometer, whereas resistances 
are accurately measured using a resistance 
bridge. These instruments are discussed be¬ 
low 




" A 


—V»-i 

R 

y 

^ »• 

■.bI 

(b) 


3.5.1 Voltmeter and ammeter 

A common requirement for the two is that the 
current flow through these should not disturb 
the electrical circuit, i.e. shouid not change 
the currents flowing in or voltages across var¬ 
ious parts of the circuit Their design should 
meet this condition, 

A voltmeter is connected across the two 
points A and B between which the potential 
difference is to be measured. If this potential 
difference is fixed, say by an outside source 
of eraf, then connecting a voltmeter will re¬ 
duce the total current flowing through the 
other circuits connected across AB (see Fig 
3 18a) We clearly want this reduction to be 
very small (ideally zero). This can be achieved 
if the voltmeter has a high resistance (ide¬ 
ally infinite), since then, for a given voltage 
across AB, the current through the voltmeter 
is small. Thus, typically, a voltmeter consists 
of a high resistance R and a galvanometer in 
series (Fig. 3.18b), The value of the resis¬ 
tance R determines the ‘range’ of the volt¬ 
meter (as also how much the rest of the cir¬ 
cuit is disturbed by it) For example, suppose 
a full scale deflection of the galvanoipeter oc¬ 
curs for a current If the voltmeter has to 
have a range Vg , the resistance R (plus the 


Figure 3.18: (a) A voltmeter connected across a 
circuit AB ' 

(b) It consists of a high resistance R in series with 
a galvanometer G 

galvanometer resistance, which is usually neg¬ 
ligible in comparison) should be (Vo/to )■ Typ¬ 
ical voltmeters have several high resistances of 
different values m parallel One or the other 
can be put in senes with the galvanometer by 
turning a ‘range’ switch 

An ammeter, since it is to measure the cur¬ 
rent flowing through a circuit element, is con¬ 
nected in senes with it Clearly, if the current 
flowing through is not to change on inserting 
the ammeter, the ammeter should have zero 
resistance! Ammeters aie therefore designed 
to have very small effective resistances. This 
is done by connecting a low resistance R in 
parallel to a galvanometer of resistance Ra 
(Fig 3.19) The effective resistance of the 
ammeter is 

^R(^!R « Rg) (3.29) 


Bxample 3.7 > A galvanometer t oil has a 
resistance of 1611 and the meter shows full 
scale deflection for a current of 2 0 mA How 
will you convert the meter into 
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Figure 3.19: An ammeter consists of a gal¬ 
vanometer (G) and a low resistance R in parallel 

(a) an ammeter of range 0 to 5,0 A 

(b) a voltmeter of range 0 to 15 0 V? 

Also determine the net resistance of the me¬ 
ter In each case. 

Answer I (a) If the'incoming current is 5 0 
A, the meter is expected to show full scale 
deflection. It is to be shunted with a resis¬ 
tance Rj such that only 2 mA of current goes 
through the meter and the remaining current 
of 5-0 002 = 4.998A passes through the shunt 
Since the voltage across the meter is equal to 
the voltage across the shunt, we get 

15 X 2 X 10'“’ = X 4 998 

which gives — 6'00 x 

The net resistance of the meter and the shunt 
is given by 

1 _ 1 , 1 
~ 15 6 X 10-3 

i e JZ ~ 0 006f2 The low resistance shunt 
serves the dual purpose of increasing the range 
of the meter and reducing its net resistance 
very substantially. The shunted meter when 
placed in series in a circuit does not materially 
affect the current in the circuit to be measured 
because of its very low resistance 
(b) If the voltage drop is 15.0 V, the meter will 
show full scale deflection when a resistance 
R' is connected m senes with the meter such 
that the current passing through the meter 
(and the resistance R') is 2.0 mA. The total 
voltage drop is then shared by the meter and 



Figure 3.20: The circuit diagram of a poten¬ 
tiometer 

the resistance fZ' i.e. 

15 = 15 X 2 X 10-3 ^ 2 X 10-^ X R' 

i.e. JZ' = = 7.4851cfl = 74850 

2 X 10-3 

The net resistance iZ of the meter then is 

JZ = 7485 -I- 15 = 75000 

The high resistance JZ' m series with the 
meter serves the dual purpose of increasing 
the range of the meter and also increasing 
its net resistance very substantially. Because 
of its high resistance, the voltmeter when 
placed m parallel with the mam circuit draws 
a very small current from the mam circuit, 
and therefore does not materially affect the 
voltage drop m the mam circuit which it sets 
out to measure. 


3.5.2 Potentionieter 

This is a -commonly used device for compar¬ 
ing potentials It is shown schematically in 
Fig .3.20. A source of eraf Bi is connected 
to a variable resistance and a long uniform 
conducting wire LM m series The batter¬ 
ies Ba and B.) (or other sources of potential 
difference) whose cmf's are to be compared, 
are connected as shown, S being a two way 
switch used to bring Ba or B 3 into the elec¬ 
trical circuit The galvanometer G monitors 
current flow, and a high resistance JZ can be 
used to prevent too much current from flowing 
through G The other end of G is connected 
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Figure 3.21: Circuit diagram of the Wheatstone 
Bridge 

to a moving contact maker or divider which 
moves along LM 

One of the batteries, say B 2 is brought into 
the Circuit, and the divider moved till no cur¬ 
rent flows through the galvanometer G. Sup¬ 
pose this happens at P 2 . Similarly, suppose 
the null point (condition of no current) for B 3 
is at the point P 3 , Then, the emf’s £2 and Si 
of the batteries Ba and B 3 are in the ratio 



Where LP 2 has the length L 2 , and LPi = L 3 . 

To see why this is so, consider the circuit 
LP 2 B 2 L If a current flows through this cir¬ 
cuit, the potential drop Vz,p, across LP 2 is 
£2 — iRi, where J?i is the resistance of the 
part P 2 B 2 L of the circuit {Ri is R plus the 
internal resistance of the cell B 2 plus that of 
the galvanometer G) Now if no current flows 
through the circuit, i.e 


I = 0, Vlp, = £2 (.3 31) 

Since the wire LM is uniform, the potential 
decrease across it is proportional to the length 
along LM. The constant of proportionality de¬ 
pends on the resistance Rim of the full wire 
LM, and on the current la flowing through 
LM, 1 e. 

= {ioRlm)^ (3.32) 

At the null point, current flows only in the 
circuit LMB^L and so depends only on its 


parameters which do not change in a particu¬ 
lar experiment. Using Eqs (3 31) and (3.32), 
and a similar equation for , we find that 
Eq (3 30) follows 

Notice that since the method of measure¬ 
ment involves a condition of no current flow, 
emf’s arc compared independent of the in¬ 
ternal resistance of the sources If one of the 
emf’s has a standard voltage, this device can 
be used to find absolute emf’s also. 


3.5.3 Wheatstone bridge 


The Wheatstone bridge is an arrangement of 
four resistances used for measuring one of 
them in terms of the other three It was 
first suggested by C F Wheatstone, a British 
physicist, in the 19th centur;^. It consists of 
four resistances connected as shown in Fig. 
3.21. Between the points A and C, a source 
of'emf is connected 

A galvanometer is connected between B and 
D The unknown resistance is one of the four 
'arms’ P, Q,‘ R and S of the bridge, say P 

The experiment consist.s of changing the 
other resistances, say P till no current flows 
between B and D (there is no deflection of the 
galvanometer) When this happens. 


P_R 
Q" S 


(3..33a) 


R = (P/Q)S (3 33b) 

Thus by changing S 01 Q, many experimental 
determinations of R can be made 

The result Eq (3 33) follows simply on us¬ 
ing Kirchhoff’s rules Consider the junction 
A, and suppose a current i enters it. If a cur¬ 
rent i] flows through AB, then from Kirch¬ 
hoff’s first rule, {i — i\ ) flows through AD. 
Now when no current flows through BD, api- 
plying Kirchhoff’s second rule to ABDA, we 
have 


iiP =(i- ii)R. (.3.34) 

Similarly, applying the rule to BCDB, 

hQ = (i - ii) S (3 35) 
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Dividing Eq, (3 M) by Eq (3 35), wp have 
the desired Eq (3 33) 

The Wheatstone bridge, being a null 
method, is not affected by internal resistances, 
resistance of ammeters and voltmeters etc.. It 
IS the simplest example of an arrangement, 
variants of which are used for a large number 
of electrical measurements It can be made 
very accurate with proper choice of standard 
and variable resistances 


Examiile 3.8: The figure (Figure (a)) 
shows a metre bildge (which (a nothing but 
a practical Wheatstone biidge) consisting of 
two lesistois X and Y together In parallel 
with a nietie long constantan wiie o( nnifoim 
cross section With the help of a movable 
contact D, one can change the latfo of the 
resistances of the two segments of the wire, 
until a sensitive galvanometer G connected 
across B and U shows no deflection The 
null point Is lound to be at a distance ol 
33.7 cm from the end A The resistance Y 
is shunted by a resistance F' of 12.00 (Fig¬ 
ure (b)) and the null point is found to shiit 
by a distance of 18 2 cm. Dctciminc the 
resistance ol X and Y 

X Y 




Answer: Since the wire is of uniform cross 
section, the resistances of the two segments of 
the wire AD and DC are in the ratio of the 
lengths of AD and DC Using the null-point 
conditions of a Wheatstone bridge wc have 

{X/Y) = (33 7/66 3) (1) 

When Y is shunted by a resistance of 12.0, its 
net resistance changes to i 

Y' = 12F/(F + 12) 

Since Y' is less than Y, the lalio X/Y' is 
greater than X/Y. Thus the null point must 
shift towards the end C, i e , 

[X/Y') = (51 9/48.1) or 
W(F+12)/12F = (51,9/48 1) 

I e. 

F-1-12 /519\ 66.3 

12 “V48,lj^337 

which gives F = 13 oD, and X = 6,86D, 
using (1) 
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Summary 


1 Current through n given nrefi of n conductor is the net charge passing per unit time 
through the area 

2 To maintain a steady current we must have a closeci circuit, in which ;ln external agency 
moves electric charge from lower to higher potential energy Ihe work done per unit 
charge by the source in taking the charge from lower to higher potential energy (i e 
from one terminal of the source to the other) is called the electromotive force, or erhf, 
of the source, Note, the emf is not a forc'e, it is the voltage difference between the two 
terminals of a source in open circuit 

3 Ohm’s law: The electric current I flowing through a substance is proportional to the 
voltage V across its ends i e V" o. 7 or V = Rl, where R is called the resistance of the 
substance The unit of resistance is ohm 1 fi = 1 VA ’ 

4, The resistance R of a conductor depends on its length I and constant cross-sectional area 
A through the relation, 

where p, called resistivity is a property of the material and depends on temperature and 
pressure 

5 Electrical resistivity of substances varies over a very wide range Metals have low resistivity, 

in the range of to Insulators like glass and rubber have 10^^ to 10^^ 

times greater resistivity Semiconductors like Si and Ce lie roughly in the middle range of 
resistivity, on a logarithmic scale 

6 In most substances, the carriers of current are electrons, m some cases e g ionic crystals 
and electrolytic liquids, positive and negative ions carry the electric current 

7 Current density j gives the amount of charge flowing per second per unit area normal to 
the flow. 


j = nqv 


where n is the number density (number per unit volume) of charge carriers each of charge 
q, and V IS the drift velocity of the charge carriers For electrons q = —e. If j is normal 
to a cross-sectional area A and is constant over the area, the magnitude of the current 1 
through the area is {nevA) 

8, Using E = V/l, 1 = ncvA, and Ohm's law one obtains 

eE ne^ 

— = P — 
m m 

The proportionality between the force eE on electrons in a metal due to the external 
field E and the drift velocity vj (not acceleration) can be understood, if we assume that 
the electrons suffer collisions with ions in the metal, which deflect them randomly If 
such collisions occur on the average at a time interval r, 
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= ar ^ cET/m 

where a is the accelerntion of the electron Ihis gives 
m 

P ~ — 

nc^T 

9 In the temperature range m which resistivity increases linearly with temperature, Ihe 
temperature co-efficient of resistivity oc is defined as the fractional increase in resistivity 
per unit increase in temperature, 

10 Ohm’s law is obeyed by many substances, but it is not a fundamental law of nature It 
fails if 

(a) V depends on I non-linearly 

(b) The relation between V and / depends on the sign of V for the same absolute 
value of V 

(c) [he relation between V and I is non-unique 

An example of (a) is when p increases with I (even if temperature is kept fixed) 
A rectifier combines features (a) and (b) A thyristor shows all the features (a), 
(b) and (c) 


11 When a source of emf £ is connected to an exlernal resistance R, the voltage Vexi across 
li IS given by 


V„,=IR^-~R 
R + r 

where r is the internal resistance of the source 


12 (a) Total resistance R of n resistors connected in sene.s is given by 

R = n,+R2 . +Rn 

(b) lotal resistance R of ri resistors connected in pamllel is given by 

1 - J_ J_ _L 

R~ fin 


13. KirchhofF’s Rules 


(a) First Rule (Junction Rule.) At any junction of circuit elements, the sum of 
currents entering the junction must equal the sum of current's leaving it 

(b) Second Rule (Loop Rule) The algebraic sum of changes in potential around any 
closed loop must be zero 

14 A voltmeter consists of a galvanometer (of resistance Rq) in senes with a high resistance 
R It is put m parallel to the circuit element across which the voltage is to be measured 
Because of its high resistance (R-h Rc ^ R), it draws a very small current and thus does 
not disturb the circuit. If the full scale deflection of the galvanometer occurs for a current 
/o and the voltmeter is to have a range Fq, we have 

Vf, = Io{R +.Rg) i.e.; R=^-Rc ~ ^ 

JQ Jo 
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1S, An ammeter consists of a galvanometer (of resistance Rq) and low resistance R in parallel, 
The effective resistance of the ammeter is 

R+Rq 

Because of its very low resistance, the ammeter placed in series in a circuit does not 
materially change the current in the circuit to be measured If the full scale deflection of 
the galvanometer occurs for current To and die'ammeter is to have a range Imai, we have 

T r 

16 The potentiometer is a device to compare potentials Since the method involves a 
condition of no current flow, the device can be used to compare emf's of two sources. 

17, The Wheatstone bridge is an arrangement of four resistances P, Q, P, S as shown in 
the text The null-point condition Is given by 

P_R 
Q~ s' 

using which the value of one resistance can be determined, knowing the other three 
resistances, 


Exercises 


current ELi-xrriiicrrY 


nr. 


3.1 The storage battery of a car h;4s an 
emf of 12 V If the internal resistance 
of the battery is 0 -Ifi, what is the 
tnaximuni current that can be drawn 
from tlie battery 

3.2 A battery of emf 10 V and internal re¬ 
sistance 3S1 IS connected to a resistor 
If the. current in the circuit is 0 5A, 
what IS the resistance of the resistor'^ 
What Ls the terminal voltage of’the 
battery when the circuit is closed? 

3.3 (a) Three icsistois HI, 2fl, and 30 
are eoinbiiicd in senes What is the 
total resistance of the combination? 

(b) If the coinbinalion ts roiinected to 
a battery of emf 12 V and negligible 
internal re.sistance, obtain the poten¬ 
tial drop ac.ross each resistor 

3.4 (a) Three resistors 2f2, 40 and 50 are 
combined m parallel What is the to¬ 
tal resistance of the combination? 

(b) If the combination is connected 
to a battery of emf 20 V and negligi¬ 
ble internal resistance, determine the 
current through each resistor, and the 
total current drawn from the battery 

3.5 At room temperature (27 D°C) the re¬ 

sistance of a heating element is 100 O 
What is the temperature of the ele¬ 
ment if the resistance is found to be 
1170 , given that the temperature eo- 
efHcient of the material of the resistor 
is 1,70 X 10-1 . 

3.6 A negligibly small current is passed 
through a wire of length 15 m and 

j uniform cross section 6 0 xlQ-^ m* , 
and its resistance is measured to be 
5 0 0, What IS the resistivity of the 


material at I he temperature of the cx- 
peninent''’ 

3.7 A silver wire has a rcsi.stance of 2 lO 
at 27 5“ C, and a resistance of 2 70 at 
100° G Determine the temperature 
coefficient of resistivity of silver. 

3.8 A heating element using rnchrome 
connected to a 230V supply draws 
an initial current of 3 2 A which set¬ 
tles after a few seconds to a steady 
value of 2 8A What is the steady 
temperature of the heating element 
if the room temperature is 27.0° C7 
Temperature coefficient of resistance 
of nichrome averaged over the tem¬ 
perature range involved is 1 70 x 

10-'' °c- 

3.9 Determine the current in each branch 
of the following network 


B 



3,10 (a) In a metre bridge (see for exam¬ 
ple figure of Example 3,8a), the bal¬ 
ance point IS found to be at 39 5 cm 
from the end A, when the resistor Y is 
of 12.50 Determine the resistance of 
X Why are the connections between 
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resistors in a Wheatstone or metre 
bridge made of thick copper strips'? 

(b) Determine the balance point of 
the bridge above if X and Y arc in¬ 
terchanged 

(c) What happens if the galvanome¬ 
ter and cell are interchanged at the 
balance point of the bridge? Would 
the galvanometer show any current? 

3.11 A storage battery of emf BOV and 
mternaf resistance 0 5 Q is being 
charged by a 120 V d.c supply us¬ 
ing a senes resistor of 15 5 D. What 
IS the terminal voltage of the battery 
during charging? What is the pur¬ 
pose of having a series resistor m the 
charging circuif? 

3.12 A galvanometer coil has a resistance 
of 12 n and the meter shows full scale 
deflection for a current of .3 mA How 
will you convert the meter into a volt¬ 
meter of range 0 to 18 V? 

3.13 A galvanometer coil has a resistance 
of 15 $1 and the meter shows full scale 
deflection for a current of 4 inA. How 
will you convert the meter into an am¬ 
meter of range 0 to 6 A"? 

3.14 In a potentiometer arrangement a cell 
of emf 1.25 V gives a balance point 
at 35.0 cm length of the wire If the 
cell is replaced by another cell and the 
balance point shifts to 63 0 cm, what 
is the emf of the second cell? 

3.15 Clarify your elementary notions 
about current in a metallic conductor 
by answering the following queries 

(a) In Example 3 1, the electron drift 
speed is estimated to be only a few 
mm for currents in the range of 


a few A How then is current estab¬ 
lished almost the instant a circuit is 
closed? 

(b) The electron drift arises due to 
the forec experienced by electrons in 
the electric field inside tlie conductor 
But force should cau.se acceleration. 
Why then do the electrons acquire a 
steady average drift speed? 

(c) If the electron drift speed is so 
small, and the electron's charge is 
small, how can we still obtain large 
amount of current in a conductor? 

(d) When electrons drift in a metal 
from lower to higher potential, does 
it mean that all the ‘free’ electrons 
of the metal are moving in the same 
direction'? 

(c) Arc the paths of electrons straight 
lines between succe.ssive collisions 
(with the positive ions of the metal) 
in the (i) absence of clcctnc field, (ii) 
presence of electric field? (Do check 
your ideas with the answers at the 
end). 

3.16 The number density of conduction 
electrons in a copper conductor esti¬ 
mated in Example 1 is 8.5 x'10^®m~^. 
How long does an electron take to 
drift from one end of a wire 3.0 rn long 
to Its other end? The area of cross 
section of the wire is 2.0 x 

and It is carrying a current of 3.0 A. 

Additional Exercises 

3.17 Name the earners of electric current 
in 

(a) a bar made of silver 

(b) a hydrogen discharge tube 

(c) a voltaic cell 

(d) lead accumulator being charged 
by an external supply 

(e) a germanium semiconductor 
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(f) a Wire made of the alloy nichroine 

(g) a superconductor 

In each case relate the motion of the 
carrier with the direction of current 

3.18 The earth’s, surface has a negative 
surface charge density of 10"® C 
The potential difference of 400 kV be¬ 
tween the top of the atmosphere and 
the surface results (due to the low 
conductivity of the lower atmosphere) 
in a current of only 1800A over the 
entire globe. If there were no mech¬ 
anism of sustaining atmospheric elec¬ 
tric field, how much time (roughly) 
would be required to neutralise the 
earth's surface? (This never happens 
in practice because there is a mech¬ 
anism to replenish electric charges, 
namely the continual thunderstorms 
and lightning in different parts of the 
globe). (Radius of earth = 6.37 x 
10®m) 

3.19 (a) Six lead-acid type of secondary 
cells each of emf 2.0V and internal re¬ 
sistance 0.01517 are joined in series to 
provide a supply to a resistance of 8 5 
f7. What are the current drawn from 
the supply and its terminal voltage? 

(b)A secondary cell after long use has 
an emf of 1.9V and a large internal 
resistance of 380 f7 What maximum 
current can be drawn from the cell? 
Could the cell drive the starting mo¬ 
tor of a car? 

3.20 (a) Make a small survey of the types 
of primary cells (‘dry’ batteries) and 
secondary cells (accumulators) avail¬ 
able in the market and tabulate their 
important characteristics and uses 

(b) Besides its emf you might notice 
another characteristic marked on a 
storage battery, its ‘capacity’. (Do 


not confuse this term with the capac¬ 
ity of a condenser or capacitor). A 
storage battery is marked as having 
a capacity of 3.5 Ah at Ih discharge 
rate. What does this signify? Would 
the cell provide 14A for 15 min? 

(c) Which type of cell would you want 
to use if your device required 

(i) a current of 100A for 20 s 
(li) a current of 10mA occasionally? 

3.21 In a di.scharge tube, the number of 
hydrogen lonS (i e protons) drifting 
across a cross section per second is 
1.0 xlO'®i while the number of elec¬ 
trons drifting in the opposite direc¬ 
tion across another cross section is 2 7 
xlO”* per second. If the supply volt¬ 
age is 2.30 V, what is the effective re¬ 
sistance of the tube? 

3.22 Two wires of equal length, one of 
aluminium and the other of copper 
have the same resistance. Which 
of the two wires is lighter? Hence 
explain why aluminium wires are 
preferred for overhead power cables. 
{PM = 2 63xlO"®f7 m, pcu =1.72 
xl0"®f7 m. Relative density of 
Al=2.7, of Cu=8.9). 

3.23 What conclusion can you draw 
from the following observations on 
a resistor made of alloy manganin: 


Current 

Voltage 

Current 

Voltage 

A 

V 

A 

V 

0 2 

3 94 

3.0 

59 2 

04 

7.87 

4.0 

78.8 

0.6 

11 8 

5.0 

98 6 

0 8 

15,7 

6 0 

118.5 

1.0 

19.7 

7.0 

1.38 2 

2 0 

39 4 

8 0 

158.0 


3.24 A cell of emf 1.5V and internal resis¬ 
tance 0 5 n IS connected to a (non- 
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linear) conductor whose V — I graph 
IS shown in the figure Obtain graph¬ 
ically the current drawn from the cell 
and its terminal voltage. 

3.25 Answer carefully. 

(d)A simple voltaic cell has an cmf 
equal to l.OV. When the circuit is 
open, is there a net field, which would 
give rise to a force on a teat charge, 

(i) inside the electrolyte of the cell, 

(ii) outside the cell‘d 

(b) Is there a net field inside the 
cell when the circuit is closed and a 
steady current passes through? Ex¬ 
plain 

(c) Consider a voltaic cell in open cir¬ 
cuit with the Cu plate at higher po¬ 
tential with respect to the Zn plate 
Since the electrolyte separating them 
is a conducting medium, why are 
the positive and negative charges on 
the electrodes not neutralized imme¬ 
diately? (This question is related to 

(a) above) 

(d) When a secondary cell of emf 2 OV 
is being charged by an external sup>- 
ply, is the terminal voltage of the sec¬ 


ondary cell greater or less than 2 0 V'' 

(e) Does emf represent a force or po¬ 
tential energy or work done per unit 
chaigc or potential difference'' Does 
ernf have an electrostatic origin'' 

3.26 Answer the following questions. 

(a) A steady current flows m a metal¬ 
lic conductor of non-uniform cross 
section Say which of these quanti¬ 
ties IS constant along the conductor; 
ciirrenl, current density, electric field, 
drift speed'' 

(b) Is Ohm’s law iiiiit^rsally applica¬ 
ble for all conducting elements? If 
not, give examples of elements which 
do not obey Ohm’s law. 

(c) It IS easier to confine electric cur¬ 
rents to definite paths (by the use of 
electric insulators) than to direct heat 
(low along definite routes using heat 
insulators Why’' 

(d) It is easier to start a car engine 
on a warm day than on a chilly day. ^ 
Why'' 

(e) In which respect does a nearly dis¬ 
charged lead-acid secondary cell differ 
mainly from a freshly charged cell? In 
its emf or in its resistance'' 

(f) A low voltage supply from which 
one needs high currents must have 
very low mtcrnal resistance Why'' 

(g) A high tension (IIT) supply of say 
6 kV must liave a veiy large iiitoriial 
lesislance, Why? 

3.27 Choose the correct alternative. 

(a) Alloys of metals usually have 

(grcater/less) resistivity than that of 
their constituent metals ; 

(b) Alloys usually have much 
(lower/higher) temperature coeffi¬ 
cients of resistance than pure metals. 
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(c) Doping a semiconductor (with 
small traces of impurity atoms) re- 
duces/incrcases its resistivity. 

(d) The resistance of graphite and 
most non-metals incrcases/decreases 
with increase in temperature, 

(c) The resistivity of a .semiconduc¬ 
tor incrcases/decreases rapidly with 
increasing temperature 


to get the (i) maximum (ii) minimum 
effective resistance? What is the ra¬ 
tio of the maximum to minimum re- 
sistanec'? 

(b) Given the resistances of 1 fl, 2fl| 
Sn, how will you combine them to 
get an equivalent resistance of (i) 
(11/3) n (ii) (ll/5)n, (lii) 6f2, (iv) 
(6/11)07 

(c) Determine the equivalent resis¬ 
tance of the following networks' 






(f) The resistivity of the alloy man- 
ganin (is nearly independent of/ in¬ 
creases rapidly with) increase of tem¬ 
perature. 

(g) I'he resistivity of a typical insula¬ 
tor (e.g. amber) is greater than that 
of a metal by a factor of the order of 

(10^’/lO'*) 

3.28 Two identical cells of ernf 1.5V each 
joined in parallel provide supply to an 
external circuit consisting of two re¬ 
sistors of 17 fl each joined in paral¬ 
lel, A very high rc.sistanco voltmeter 
reads the terminal voltage of the cells 
to be 1 4 V What i.s the internal re¬ 
sistance of each cell? 

3.29 (a) Three cells of emf 2.0V, 1 8V, and 
1 5V are connected in series Their 
internal resistances are 0 05 ft, 0.7ft, 
and 1ft respectively. If the battery 
is connected to an external resistor of 
dft via a very low resistance amme¬ 
ter, what would be the reading in the 
ammeter^ 

(b) If the three cells above were joined 
in parallel, would they be character¬ 
ized by a definite emf and internal re¬ 
sistance (independent of external cir¬ 
cuit)? If not, how will you obtain ciir- 
renU in different branches of the cir- 
cuit7 

3.30 (a) Given n resistors each of resj®, 
tance U, how will you combuie fJiem 

.-I' 



(u) 


3,31 Determine the current drawn from a 
12 V supply with internal resistance 
0 5ft by the following infinite net¬ 
work' Bach resistor has 1ft resistance. 


in in in in in 
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3.32 A galvanometer with a coil of resis¬ 
tance 12 0 Q shows a full scale deflec¬ 
tion for a current of 2 5mA IIow wil! 
you convert the galvanometer into (a) 
an ammeter of range 0 to 7 5 A, (b) 
a voltmeter of range 0 to 10.0 V. 

Determine the net resistance of the 
meter in each ease When an amme¬ 
ter is put in a circuit, docs it read 
(slightly) less or more than the actual 
current in the original circuit'? When 
a voltmeter is put across a part of the 
circuit, does it read (slightly) less or 
more than the original voltage drop7 
Explain 

3.33 You are given two resistors X and 
Y who,se resistances arc to be deter¬ 
mined using an ammeter of resistance 
0 Sn and a voltmeter of resistance 20 
k n. It IS known that X is in the range 
of a few ohms, while Y is in the range 
of several thousand ohms. In each 
case, which of the following two con¬ 
nections would you choose for resis¬ 
tance measurement? Justify your an¬ 
swer quantitatively (Hint For each 
connection, determine the enor in re¬ 
sistance measurement The connec¬ 
tion that corresponds to a smaller er- 
lor (foi a given range of resistance) is 
to be preferred ) 



3.34 (a)A battery of eriif 9V and negligi¬ 
ble internal resistance is connected to 
a 3kf2 resistor The potential drop 
across a part of the resistor (between 
pointsA and B in the figure) is mea¬ 
sured by (i) a 20 kS2 voltmeter, (u) 
a 1 kfJ voltmeter In (in) both the 
voltmeters are connected across AB. 
In which case would you get the (1) 
highest, (2) lowest reading'? 

(b) Do your answers to this problem 
.alter if the potential drop across the 
entire resistoi is measured'? What if 
the battery has non-negligible inter¬ 
nal lesistance"? 



9 V 
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3.35 A voltmeter reads 5,0V at full scale 
deflection and is graded according to 
its resistance per volt at full scale de¬ 
flection as 5000n/V How will you 
convert it into a voltmeter that reads 
20V at full scale deflection"^ Will it 
still be graded as 50000/V? Will you 
prefer this voltmeter to one that is 
graded as 2000 fl/V? 

3.36 The figure below shows a potentiome¬ 
ter with a cell of 2 OV and internal 
resistance 0.400 maintaining a poten¬ 
tial drop across the resistor wire AB, 
A standard cell which maintains a 
constant emf of 1 OI^V (for very mod¬ 
erate cuirents upto a few fiA) gives 
a balance point at 67.3 cm length of 
the wire To ensure very low currents 
drawn from the standard cell, a very 
high resistance of 600kH is put in se¬ 
nes with it, which is shorted close to 
the balance point. The standard cell 
is then replaced by a cell of unknown 
emf £ and the balance point found 
similarly turns out to be at 82.3 cm 
length of the wire (a) What is the 


2V 0 4 n 



value of £? 

(b) What purpose does the high re¬ 
sistance of 600kfl have"^ 

(c) Is the balance point affects by this 
high resistance"^ 


(d) Is the balance point affected by 
the internal resistance of the driver 
cell"? 

(e) Would the method work in the 
above situation if the driver cell of the 
potentiometer had an emf of 1 OV in¬ 
stead of 2.0V? 

(f) Would the circuit work well for 
determining an extremely small emf, 
say of the order of a few mV (such as 
the typical emf of a thermo-couple)? 
If not, how will you modify the cir¬ 
cuit? 

3.37 The figure below shows a potentiome¬ 
ter circuit for comparison of two re¬ 
sistances. The balance point with a 
standard resistor R=10.0f2 is found 
to be 58.3 cm, while that with the un¬ 
known resistance X is 68.5 cm Dfr 
termine the value of X. What might 
you do if you failed to find a balance 
point with the given cell E"? 



3.38 The figure below shows a 2.0V poten¬ 
tiometer used for the determination 
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of internal resistance of a 1 5V cell 
The balance point of the cell m open 
circuit is 6,3 cm When a resistor 
of 9.5f] IS sed in the external circuit 
of the cell, the balance point shifts 
to 64 8 cm length of the potentiome¬ 
ter wire Determine the internal re¬ 
sistance of the cell 

3.39 Given a 3.0V potentiometer, design 
circuits for ealtbrating 

(a) a voltmeter in the range of 0 5 to 
2,5V 

(b) an ammeter in the range of 0.1 to 
0.5A 

3.40 A d.c supply of 120V is connected to a 
l^rge resistance X A voltmeter of re¬ 
sistance lOkfi placed in series in the 
circuit reads 4V. What is the value 
of X? What do you think is the pur¬ 
pose in using a voltmeter, instead of 
an ammeter, to determine the large 
resistance X'^ 

3.41 Consider a parallel-plate capacitor (of 
plate area A) dv,nng its charging by 
an external source' 

(a) Show that the conduction cur¬ 
rent I flowing from (to) the source 
to (from) the positive (negative) plate 
equals cq (dE/dt)A where E is the 
electric field between the plates. 

(b) Is Kirchhoff’s first rule valid in 


this circuit^ If not, can you suggest 
a way to generalize the rule so that it 
IS valid here too*^ 

3.42 Answer the following questions 

(a) What is the order of magnitude of 
the resistance of a (dry) human body? 

(b) You may be surprised by the an¬ 
swer to (a) above If the resistance 
of our body is so large, why does 
one experience a strong shock (some- 
times even fatal) when one acewfen- 
tally touches the live wire of say 240V 
supply? 

(c) There is an impression among 
many people that a person touching a 
high power line gets ‘stuck’ with the 
line. Is that true? Explain. 

(d) Currents of the order of 0-,lA 
through the human body are fatal, 
What causes the death' heating of 
the body due to electric current or 
something else? 

(e) A nerve fiber contains a mem¬ 
brane separating two conducting ‘flu¬ 
ids’ maintained at a potential differ¬ 
ence What IS the order of this po¬ 
tential difference? 

(Caution Do check your ideas on 
the above questions with the answers 
given at the end. In any case, re¬ 
member that our body is sensitive to 
extremely minute currents and even 
small voltages can be risky.) 
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4>1 Introduction 

The idea of an electrical current or flow of 
charge was introduced and some basic physi¬ 
cal quantities connected with it were discussed 
in the last Chapter (Chapter 3). Some ob¬ 
vious questions that come up are; How can 
charges be caused to HoW? What are the 
physical consequences of such electrical cur¬ 
rents'? How are they related to other forms 
of energy? Living in an electrical (and in¬ 
creasingly electronic) age we are familiar in 
daily life with many practical answers to these 
questions, such as light bulbs, batteries, elec¬ 
troplating, electric fans, dynamos and radios 
In this and several later chapters we shall be 
concerned with some of the causes and con¬ 
sequences of electric currents. This chapter 
IS concerned mainly with the connection be¬ 
tween electricity, and thermal and chemical 
energy. We shall see m Section 4.2 that when 
a steady current flows through a conductor, 
heat or thermal energy is always produced. 
In a conductor with free electrons, if one part 
is hotter than the other, the electrons there 


have higher kinetic energy and tend to flow to 
the colder part, causing a current and a volt¬ 
age difference between the hot and the cold 
parts. This is an example of thermoelectric¬ 
ity discussed in Section 4.3. 

We have seen in the chapter on molecules 
(Chapter 9 of the Class XI Physics text book) 
that chemical binding is due to electrical 
forces between electrons and nuclei, and be¬ 
tween electrons. It should therefore be possi¬ 
ble to convert differences in chemical binding 
(as happens in chemical reactions) to electri¬ 
cal energy (electrochemical cells) Conversely 
electrical energy can cause chemical changes 
(e.g. electrolysis). This large field is called 
electrochemistry and is properly studied as 
part of chemistry In Section 4,4, we touch 
upon a few essential aspects, namely electrol¬ 
ysis and electrochemical cells (normally called 
just cells or batteries). 

Much of the remainder of the hook is about 
the relation between electricity and other 
forces. We shall see that steady electrical cur¬ 
rents produce steady magnetic fields (Chap- 
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ter 5). We will then learn that magnetic 
fields changing in time produce electric fields 
(Chapter 7) The reverse is also true, time de¬ 
pendent electric fields produce magnetic fields 
(Chapter 9) One consequence of this inti¬ 
mate connection between electricity and mag¬ 
netism {electromagnetism) is the propaga¬ 
tion of electric and magnetic fields together 
as waves (Chapter 9). These waves travelling 
with the speed of light, are known to us as ra¬ 
dio waves, visible light, or X-rays depending 
on the wavelength. Prom this electromagnetic 
nature of light and other radiation follows the 
possibility of producing them purely electri¬ 
cally (Chapters 12 and 13) In Chapter 12, 
we discuss the reverse, namely the photoelec¬ 
tric effect where light energy is converted to 
electricity, e.g. to a flow of electrons or an 
electrical voltage difference. 

4.2 Heating effects 

Consider a steady electric current I flowing 
through a circuit. Suppose the voltage differ¬ 
ence between the two ends of the circuit is V. 
The potential decreases in the direction of cur¬ 
rent flow A charge I flows per second down 
the potential drop of V. Thus, in such a down¬ 
hill flow, an energy IV is lost per second by 
the drifting charges. Where does this energy 
go? This question has already been discussed 
earlier (Section 3 3) The argument may be 
summarized as follows. If a voltage is applied 
between the ends of a conductor, the resulting 
electric field accelerates the free electrons dur¬ 
ing the intervals between collisions' with the 
ions or atoms of the lattice The electrons 
gain energy on account of this acceleration 
The energy gained is transferred to the lattice 
ions or atoms, since after colliding with them 
the electrons return to their equilibrium dis¬ 
tribution of velocities. Thus the lattice ions or 
atoms receive energy in random bursts at the 
average rate of TV per unit time. This clearly 
increases their disorderly motion, i.e. appears 
as heat energy. We therefore conclude that if 
a current I flows through a potential drop V, 
the rate of production of heat 


This relation was first recognized and veri¬ 
fied experimentally by Joule (see Chapter 11 
p.272 of the Class XI Physics text book). For 
this reason the heat produced when a current 
flows IS called Joule heating or Joule heat. 

Equation (4 1) can be expressed also in 
terms of the resistance of the conductor, or 
in general, in terms of the relation between V 
and I. For example, if the relation between V 
and / IS given by Ohm’s law, with V = f?I, 
then 

P = IV = l‘^R=^{V^/R). (4.2) 

Thus if a circuit element of resistance R ohms 
carries a current I amperes, the power lost as 
heat is I'^R watts. If the voltage across the 
resistor is V volts the power lost is {V^IR) 
watts. We notice also that, independent of 
the current direction (independent of the sign 
of I)f power is always lost (unless the resis¬ 
tance is negative). The circuit element is said 
to ‘consume’ a power P or to have a ‘power 
rating’ of P. Since the energy lost by the flow¬ 
ing charges ends up as disorderly thermal mo¬ 
tion in the resistor, the phrase ‘ohmic dissipa¬ 
tion’ or ohmic loss is also used to describe it. 

In many cases, ohnnic dissipation is an un¬ 
wanted (and undesirable, but inevitable) side 
effect of current flow. For example, in elec¬ 
tronic circuits, this heat, produced in a small 
region, can increase the temperature of the 
components so much that their properties 
change This is clearly undesirable for reliable 
functioning of the circuit; means are found to 
carry away the heat. In some other cases, the 
purpose of the circuit element is to produce 
heat, as in an electric heater, oven, or an elec¬ 
tric iron, or even an electric bulb. The main 
question then is the choice of the right kind of 
resistor, and proper design of the appliance or 
device for delivering heat (or light) in the way 
needed For example, in a light bulb, the re¬ 
sistor filament must retain as much of the heat 
generated as possible so that it gets very hot, 
and begins to emit light. This heat must not 
melt the resistor. This influences the choice of 
tungsten (high melting point, high resistivity. 
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strong metal) and the thermal isolation of the 
filament (insulating support, evacuated bulb, 

.)• 


Cxamitle 4.1 1 (a) A small heating element 
made of nichrome resistor connected to a 
30V dt, supply draws a current of 10 A 
How much electric power la supplied to the 
heater? How much heat la produced in 3 
h? (b) An electric motor operating on a 30V 
supply draws a current of 10 A and yields 
mechanical power of 130 W What Is the 
efficiency of the motor? How much energy 
is lost as heat in 8 h? (c) Compai-e and 
contrast the situations in (a) and (b) above 

AuBwert (a) Power supplied to the heater = 
30V X 10 A = 300 W. Since the portion of the 
circuit to which this electric power is supplied 
13 a (passive) resistor, the entire electrical en¬ 
ergy is converted into heat energy. Therefore, 

Heat produced in 2h 
= 300 W X 2 X 3600 a 
= 2160000 J =0.6 kWh. 

(b) Power supplied to the motor = 30V x lOA 
= 300 W. The electric motor is not a (passive) 
resistor. Thus all of the power supplied to it 
does not appear as heat. Only part of the 
total power supplied is lost as heat, the rest 
appears as useful mechanical power The effi¬ 
ciency of the electric motor is the ratio of this 
mechanical power to the total power input. 
Thus efficiency of the motor = 120 W/300 W 
= 0.4 or 40% 

Power lost as heat 
= 300W - 120W = 180W 

Energy lost as heat in 2 h 
= 180W X 2 X 36003 
= 1296000J = 0 36kWh 

(c) Electric power supplied in each case is 
given by VI. The important thing to note 
IS that only for a (passive) resistor, V = IR 
(Ohm’s law) and therefore power supplied is 
VI = I'^R. For the case (a), V = IR so that 
R = 3^l, and VI = pR = 300W For case 


(b), it is wrong to write VI = I^R For this 
case, while VI represents power input to the 
motor, I^R represents the power lost (as heat) 
due to the resistance of the element (windings 
of the motor). The difference VI — I^R ap¬ 
pears as mechanical power yielded by the mo¬ 
tor. To get R for this case, equate PR to the 
power loss’ 


pR = 180W 

R 180 

1 e.,it = 


10 X 10 


i.sn 


Why is Ohm’s law V = IR not directly 
applicable here'? The reason is that when the 
motor is running, a back emf is developed in 
the circuit. The current I is then given by 
(Ohm’s law again!) 

I = {V- V6aak)IR 
or 

VI = Vtackl + I^R 

The first term on the right hand side (of¬ 
ten abbreviated rhs) represents the mechan¬ 
ical power output of the motor, while the sec¬ 
ond represents, power loss due to heat 


Example 4.8 ; A series battery of 6 lead 
accumulators each of emf 8.0V and internal 
resistance 0 85 if is charged by a 830V d.c 
mains To limit the charging current, a se¬ 
ries resistance of 53H is used in the charging 
circuit What is (a) the power supplied by 
the mains, and (b) the power dissipated as 
heat? Account for the difference In the two 
answers 


Answer I emf of the battery = 6 x 2.0 = 12V. 
Internal resistance of the battery 
= 6 X 0 25 = 1 Sn 


Charging current 
53-1-1 5 

Power supplied by the mains 
= 230V X 4.0A = 920W 
Power dissipated as heat 
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= 4 X 4 X (53 + 1.5) = 872W. 

The difference (920 - 872) W = 48 W is the 
power stored in the accumulator in the form 
of chemical energy of its contents. (Note You 
should compare the situation here with chat 
for an electric motor dealt with in example 
4.1. The role of ‘back emf’ there is taken up 
here by the emf of the battery. The difference 
between power input and power dissipated 
equals mechanical power for a motor, while 
here this equals the chemical power stored in 
the battery). 


4.3 Tbermoelectricity 

We are by now familiar with the fact that 
when there is an electric potential difference 
between the ends of'a conductor, an electric 
current flows in it. Now suppose there is a 
temperature difference between its ends We 
know that heat or thermal energy flows then 
from the hotter to the colder end. This flow is 
also described as heat current or energy cur¬ 
rent, Clearly, if some of this energy is carried 
by the free electrons of the conductor, there 
will also be an electrical current At the hot¬ 
ter end, electrons have a slightly higher aver¬ 
age kinetic energy (they are moving faster). 
So one expects a net flow of electrons towards 
the lower temperature end, i.e., an electric 
current due to a thermal gradient. This is 
qualitatively the reason for various thermo¬ 
electric effects which we now describe. They 
axe all very closely related to each other 

4.3.1 Seebeck Effect 

Thomas Johann Seebeck, a German physicist, 
discovered in 1821 that a magnetic compass 
needle held close to a circuit made of two dif¬ 
ferent conductors was deflected when the two 
junctions in the circuit were held at different 
temperatures. The deflection means that un¬ 
der the conditions described above, a voltage, 
called the thermoelectric emf (or Seebeck emf 
or Seebeck voltage) develops, causing a cur¬ 
rent to flow in the circuit. The magnetic field 


due to this current deflects the needle. The 
two junction circuit, often called a thermocou¬ 
ple, is schematically shown in Fig 4 1. The 
voltage developed is rather small, of the or¬ 
der of a few microvolts per degree Celsius dif¬ 
ference in temperature between the junctions. 
The sign and size of this thermoelectric emf 
depends on the materials involved as well on 
the temperatures Ti and Ti Fig. 4.2a shows 
a particular example, where the conductors 
are copper and constantan, and Tj > Tj. The 
direction of the emf is shown. The effect is 
completely reversible, i.e., if the hot and cold 
junctions are interchanged, the emf changes 
sign, or the circulating current reverses direc¬ 
tion. 

Experiments on many different pairs of 
junctions show that the emf for two ma¬ 
terials A and B is the difference between two 
terms Va aJid Vs, characteristic of the mate¬ 
rials A and B respectively, i.e. 

Vab = Va-Vb. (4.3) 

Thermoelectric emf (often called thermo emf) 
is thus a property of each material, though it 
is easily measured form junction of two dissim¬ 
ilar materials at different temperatures. The 
thermoelectric emf of a number of thermocou¬ 
ples (i.e conductor junctions) is given by a 
simple form 

VAB^ae+^ (4,4) 

where 9 is the temperature difference between 
the junctions, and a, p are material parame¬ 
ters. The relation is valid over a limited range 
of temperatures. In Table 4.1, we give values 
of a and /3 in the temperature range 200 K to 
400 K, for a nui.iber of substances with lead as 
the second junction. Lead is chosen because 
it has a small thermoelectric emf, and so is 
a convenient standard. Since the thermo emf 
of a thermocouple is the difference between 
that for individual materials, the thermo emf 
for any pair AC can be obtained if that for A 
and for C with a common material B is known. 
One has 

Vac = Va — Vc 
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Figure 4.1: A schematic circuit for Seebeck ef¬ 
fect, Two different conductors, A and B ate joined 
together at two points or junctions, these are at 
different temperatures Ti and Tz The thermo emf 
can be measured via a voltmeter inserted as shown. 


Copper 




Figure 4.2: (a) The copper constantan thermo¬ 
couple, With Ti> Ti The direction of emf is from 
copper to constantan at the hot end (Ti) (Seebeck 
Effect) (b) In the copper constantan thermocouple 
of Fig 4,2a, if an electric current flows as shown, 
the junction 1 gets cooled and the junction 2 gets 
heated (Peltier Effect), 


Table 4.1: Values of thermoelectric coefficients a 
and 


Substance 

(/iV/X) 

P 

pY/CCy 

Aluminium 

-0.76 

+0.0039 

Bismuth 



(commercial) 

-43.7 

-0.465 

Copper 

-t-1.34 

+0.0094 

Constantan 



(60% Cu 



40% Ni) 

-38 1 

-0.089 

Gold 

-f2.80 

+0.010 

Iron 

-i-17.2 

-0.048 

Palladium 

-7.4 

-0 039 

Platinum 

-3 04 

-0.033 

(90% Platinum, 



10% Rhodium) 

+7.0 

+0.0064 


= (K4-Vfl)-(Vc-Vfl) 

= (4.5) 

Thus, for example, from the Table 4.1, the emf 
of the copper-constantan thermocouple can be 
found by subtracting the constantan thermo 
emf from that of copper. We see that it is 
positive, so that the direction of current flow 
is as shown in Fig. 4 2a. The rate of change 
of the thermoelectric emf with temperature, 
i.e. (dV/dT), is called the thermopower or 
the Seebeck coefficient S. One has 

S = (dV/dT). (4.6) 

We see from Table 4.1 that good (highly 

conducting) metals like aluminium and gold 
have a small thermoelectric emf. Magnetic 

metals (e.g. Fe), alloys with magnetic ele¬ 
ments (e g.constantan) and semiconductors or 
semimetals have large thermoelectric emf’s. 


Example 4.3 1 For a copper-iron, and a 
chromel-alumel thermocouple, plots between 
thermoelectric emf and the temperature d of 
the hot junction (when the cold Junction is 
at 0°C) are found to satisfy approximately 
the parabola equation 
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y = 



with 



a = 

< 

a 

o 

1 




(copper-iron) 

P = 

-0 04//V“C‘^ 


a = 

41pV°C“’ 




(chromel-alumel) 

p = 

-1-0 002/iV'’C' 

-2 


Which of the two thermocouples would you 
use to measure temperature in the range 
of about 600°C to 600°C? 

Answer! The temperature (neutral tem¬ 
perature) corresponding to maximum emf is 
given by 



which gives 



For copper-iron thermocouple (?q = 14/0,04 
= SSO^C. (Actually, the coefficients a and /3 
vary slightly and the null temperature for Cu- 
Fe thermocouple is about 250°C), Beyond the 
null temperature, a thermocouple cannot be 
used because a given emf corresponds to two 
different values of 6. Thus for measuring tem¬ 
peratures beyond about 250°C, a Cu-Fe ther¬ 
mocouple is unsuitable. The chromel-alumel 
thermocouple, with the given values of a and 
/3, shows no maximum for Q >0. Thus it can 
be used for measuring any high temperature 
and is suitable for the required range (500°C- 
600°C) in the question. In practice, its use is 
limited to about 1300“C. 


4.3.2 Peltier Effect 

An effect exactly converse to that dis¬ 
covered by Seebeck was found by^ Jean 
Charles-Athanase Peltier, a French watch¬ 
maker turned scientist, in 1834. He found, on 
passing an electric current through a junction 


of two dissimilar conductors, that heat was ei¬ 
ther absorbed or released at the junction, de¬ 
pending on the direction of the current This 
is known after the discoverer’s name as the 
Peltier effect More precisely, if the Seebeck 
emf IS from A to B at the hot junction an ex¬ 
ternal emf applied in this direction will pro¬ 
duce cooling at this junction and heating at 
the opposite junction. This effect is also en¬ 
tirely reversible. Fig. 4.2b shows, for the 
copper-constantan junction pair of Fig. 4,2a, 
that if an electric current is passed as shown, 
the junction 1 (hot junction of Fig. 4.2a) is 
cooled and junction 2 (cold junction of Fig, 

4 2a) gets heated We shall see later below 
that this cooling/heatmg can actually be used 
for refrigeration. 

The Peltier coefficient ir is defined as fol¬ 
lows. The heat absorbed when a charge q 
coulombs passes from metal A to metal B is 
qn joules. Again, the Peltier coefficient of a 
junction AB is the difference of the Peltier co¬ 
efficients of A and B. 

4.3.3 Thomson Effect 

A third thermoelectric effect, harder to ob¬ 
serve than the first two, was discovered by 
Thomson (known later as Lord Kelvin, see 
p 248 of class XI Physics text book). Thom¬ 
son also showed that the three effects are all 
consequences of one basic phenomenon, and 
can therefore be quantitatively related to each 
other, as we shall describe below. The Thom¬ 
son effect IS related to the emf that develops 
between two parts of a single metal when 
they are at different temperatures Specifi¬ 
cally, if two points in a metal A have a small 
temperature difference dT, the electric po¬ 
tential difference is proportional to dT. The 
Thomson coefficient is the coefficient of pro¬ 
portionality, i.e , 

dV = udT (4.7) 

the units being volts for the potential differ¬ 
ence and kelvin for temperature difference. 
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4.3.4 Relation between 
Thermoelectric Effects 

The connection between the three thermoeiec- 
tne phenomena namely the Seebeck, Peltier 
and Thomson effects, was first established by 
Thomson in 1857, using thermodynamic ar¬ 
guments. 

The three effects, namely Seebeck, Peltier 
and Thomson discussed above are quanti- 
tatiely defined in terms of the three coeffi¬ 
cients V, n and £7 (the thermoelectric emf, the 
Peltier heat and the Thomson emf respec¬ 
tively). It turns out that the basic quantity is 
the thermopower S, defined in Eq. (4.6) as the 
rate of change of the thermoelectric emf with 
temperature. It can be shown to be the ratio 
of the electric field developed across a conduc¬ 
tor to the small temperature gradient between 
its ends, when no electric current flows in the 
system The Peltier coefficient tt is related to 
S by the equation 

vr = r5 = T(g), (4.8) 

The Thomson coefficient a is related to S as 

<r = -T(g) (4.9) 

Eqs (4.6), (4.8) and (4.9) complete the connec¬ 
tion between different thermoelectric effects. 

4.3.5 Applications 

The thermoelectric effects have two impor¬ 
tant kinds of applications, one for measuring 
temperature, and the other in devices such 
as refrigerators and generators. We first dis¬ 
cuss the former A thermocouple consisting 
of two dissimilar metals, for example, copi- 
per and constantan, has one junction of cop¬ 
per and constantan in contact with the region 
whose temperature is to be measured. The 
constantan wire is led to a vessel kept at a 
standard constant temperature, e g. ice at 
its triple point. Here it is joined to a copi- 
per wire. This copper wire, and that from 
the unknown temperature junction, are con¬ 
nected to a voltmeter. A commonly used volt¬ 
meter these days is an electronic digital volt¬ 


meter. Typically, this instrument has a least 
count of 10“^V or Idss and a high internal or 
input resistance of lOOMfl to 1 Giga ohm. 
Since a copper constantan thermocouple de¬ 
velops a voltage of the order of 40/iV per de¬ 
gree Celsius, and has an internal resistance of 
50-100n (depending on the length and thick¬ 
ness of the constantan, and copper wires), it 
is clear that the internal resistance has a neg¬ 
ligible effect on measured values of thermo¬ 
electric emf. Temperature differences of order 
0.0025°C are easily within reach. Different 
materials are used in different temperature 
ranges, since the voltages developed change in 
size and even sign with temperature. Copper 
constantan thermocouples are most suitable 
in the range 50K - 400K. For higher tempera¬ 
tures (upto 1500K or 2000K) junctions of plat¬ 
inum with platinum -rhodium alloys are spe¬ 
cially convenient At cryogenic temperatures 
(IK - 50K) a junction of copper with gold-iron 
alloy wire is preferred since its thermoelectric 
emf is large Another common combination is 
chromel-alumel. The thermocouple is the pre¬ 
ferred way of measuring temperatures in the 
industry and the laboratory, because of its ac¬ 
curacy and convenience The accuracy is high 
because a voltage or electrical measurement 
IS involved. Since the junction is small, it ab¬ 
sorbs very little heat, and quickly attains the 
temperature being measured. It is thus quite 
convenient 

The other application of thermoelectricity 
is to devices. We have already seen that ther¬ 
moelectric effects are reversible, so they can 
be used as heat engines, i.e , to absorb net 
heat and do useful work, or as heat pumps 
i.e , to remove heat if work is done on the 
working substance (see chapter 11 of class IX 
textbook) In this case, the work is done 
electrically, i.e., charges gain or lose electri¬ 
cal potential energy by moving through po¬ 
tential differences. For example, the Peltier 
effect can be the basis of a thermoelectric re¬ 
frigerator, since on passing a current through 
a circuit with two junctions which are at dif¬ 
ferent temperatures, one finds that heat is re¬ 
moved at one junction and liberated at the 
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other junction. If on the whole, heat is re¬ 
moved from the working volume, one has a re¬ 
frigerator. Such a refrigerator has, clearly ho 
motors or moving parts, the work is all done 
electrically. The efficiency of a thermoelec¬ 
tric refrigerator is rather low in comparison 
with conventional ones. However, the former 
can be small in size without loss of efficiency, 
something which is not true of refrigerators 
with motors described in the class XI text¬ 
book. Thus when the region to be cooled is 
small or noise is not acceptable, the thermo¬ 
electric refrigerator is the device of choice, if a 
suitable thermoelectric material can be found. 
In general, one needs high thermopower, low 
resistivity (to minimise Joule losses) and low 
thermal conductivity (to enable large temper¬ 
ature differences to be maintained). Exten¬ 
sive research, especially in the former Soviet 
Union, has shown that perhaps the best mate¬ 
rials from these points of view are based on the 
semiconductor BijTes. The thermoelectric ef¬ 
fect (Seebeck effect) can be used to generate 
electrical power. In remote areas, kerosene oil 
lamps which heat up one junction, with the 
cold junction exposed to air, have been used 
to power radio receivers and even transmit¬ 
ters! 


4.4 Chemical effects 
4.4.1 Introduction 

The fact that chemical changes produce elec¬ 
trical effects was discovered accidentally in 
1791, by Luigi Galvani, professor of anatomy 
at the University of Bologna, Italy. He found 
that an electrical current flowed across two 
dissimilar-metals between which was a moist 
substance In his case, the moist substance 
was a frog and the passage of electrical cur¬ 
rent was detected by the twitching of its leg. 
Galvani thought that this was a manifestation 
of animal electricity while Volta, a professor 
of natural philosophy at the nearby University 
of Pavia, successfully reproduced some of Gal- 
vani’s results with inanimate things. He as¬ 
sembled a series of silver and zinc discs in pairs 
(Fig. 4.3), separating each pair with a sheet of 


►Zinc 


Silver.. 



Figure 4.3: A voltaic pile more or less as Volta 
made it, The shaded slabs are silver, the blank 
ones are zinc and the salt soaked paste board is 
dark. The emf develops between silver and zinc 
m each pair of slabs and adds up so that there is 
considerable voltage difference between the top and 
the bottom (silver and zinc), 

pasteboard soaked in a conducting liquid (salt 
waterl). When the topmost disc of silver was 
connected by a wire with the lowest zinc disk, 
a steady current of electricity was produced. 
This is the voltaic pile. The bsaic reason for 
this electrochemical effect became clear rather 
slowly. Scientific investigation in this field ac¬ 
tually began with the converse phenomenon, 
namely chemical effects of electrical currents. 
Michael Faraday, the great British experimen¬ 
tal physicist, began in 1834 his experiments 
on the passage of electricity through liquids. 
Two metallic rods or plates, connected to two 
ends of a battery, are immersed in the liquid 
being investigated. Faraday found that a sig¬ 
nificant electrical current flows through some 
liquids, and not through others This flow of 
electric charge leads to interesting chemical 
changes which were quantified by him. Some 
examples of such electrochemical changes and 
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then the quantitative relations (laws of elec¬ 
trolysis, electrochemical senes) eirc discussed 
below. We first introduce some terms which 
make easier to talk about the phenomena, 
and then look into conduction of electficity in 
ionic liquids. 

4,4.2 Electrolytic conduction 

The conducting pieces (rods, plates or other 
objects connected to the sources of emf and 
immersed in the liquid or solid medium), are 
called electrodes. Positively charged ions are 
called cationa and negatively charged ions are 
called onions If they exist in an electrolyte, 
the former migrate towards the cathode and 
the latter towards the anode These are the 
two electrodes. If the circuit is completed 
from outside the electrolyte (say by joining 
the anode and the cathode by a conductor), 
external current flows from the cathode to the 
anode (electrons flow in the conductor from 
the anode to the cathode). 

Consider the medium in which the elec¬ 
trodes are immersed. How does it conduct 
electricity? Let us start with a simple exam¬ 
ple of such a medium, namely common salt 
dissolved in water. We first describe each of 
these separately in molecular terms, and then 
try to understand what happens when they 
are brought together. Common salt ox rock 
salt, i e., crystalline NaCl, consists of Na’*' and 
Cl~ ions attracting each other, and arranged 
as shown in Fig. 4.4a. To dissociate NaCl, 
i.e., to remove Na+ arid Cl“ ions from each 
other, costs an energy of 7 9 eV per molecule. 
This is much larger than the average ther¬ 
mal agitation energy of 0.03 eV which each 
molecule has at ropm temperature. Now con¬ 
sider water. Because the H-O-H atoms do not 
lie in a straight line, clearly a water molecule 
has an electric dipole moment (the measured 
value is 1.9 xl0“^® coulomb metre). Water 
molecules tend to stick to each other (asso¬ 
ciate) because of electrical forces specific to 
the distribution of electrons in H 2 O (this is 
the well-known hydrogen bonding). Due to 
these two reasons, i e., dipole moment and as¬ 


sociation, water molecules are easily aligned in 
an external electric field. We say that water 
is highly polarizable It has therefore a very 
large dielectric constant, nearly 81 at room 
temperature (see chapter 2 for a discussion of 
polarizability and dielectric constant) 




Figure 4.4: (a) Arrangement pfNa'^ and Cl“ 10 ns 
in a rock gait crj^tal (b) FVee Na't and 01“ ions m 
solution. 

What happens when NaCl, (or more de¬ 
scriptively, Na"* Cl“) is dissplved in water? At 
distances large compared to the ai/e gf Na+ 
and Cr ions, as well asofHjO molecules, the 
former can be approximated as point charges, 
and water as a continuous medium. For such 
distances, the attractive eleutxostatic poten¬ 
tial energy is reduced by a factor of 81(1) 
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compared to that in free space At shorter 
distances, the reduction is not so large: but 
the electric fields due to Na+ and Cl“ ions 
still polarize the H 2 O dipoles, and the wa¬ 
ter molecules around a particular ion are at¬ 
tracted to each other or associated. A siz¬ 
able polarized cluster of water molecules thus 
forms around each ion. (This is known as hy 
dration in chemistry). The attraction between. 
Na'*' and Cl” ions is therefore reduced a great 
deal in water by the same processes that make 
its dielectric constant so large. The dissocia^ 
tion energy of an Na+Gl” molecule in water 
is so much less than in rock salt that the en¬ 
ergy of thermal agitation at room tempera¬ 
ture IS enough to dissociate a dilute solution 
of NaCl molecules completely into free Na+ 
and Cl” ions (Fig, 4.4). These are free to 
move under the action of an external electric 
field Substances like NaCl in water which 
conduct electricity because a fraction of their 
molecules dissociate into positive and nega¬ 
tive parts are called electrolytes. The most 
common electrolytes are acids, bases or salts 
which ‘ionize’ or partially break up into anion 
and cation parts when dissolved in water, or 
say, alcohol. Many salts such as NaCl or KOI 
are electrolytes in their molten state, without 
any solvent. There are also solids such as Agl 
in which ions (in this case Ag'^' ions) are mo¬ 
bile, These are the solid state electrolytes. 

Electrolytes conduct electricity, but not as 
well as metals. Their conductivity at room 
temperature is about 10 ”® to 10 ”® times that 
of good metals The reasons for low conduc¬ 
tivity are many viz., the small number density 
of free ions in comparison to that of free elec¬ 
trons, the relative difficulty with which they 
move in the solution which is dense and disor¬ 
dered, and the large mass of ions which makes 
them drift much more slowly than electrons in 
a given electric field. 

Water, when pure, has a small concentra¬ 
tion of dissociated parts, namely H"*" ions (pro¬ 
tons, actually H 3 O+ or hydronium ion because 
of hydration, or attachment of the proton to 
water) and OH” (hydroxyl) ions, about one 
part in 10^. The logarithm of this, to the base 


ten, is pven the symbol pH; neutral, pure wa¬ 
ter has a pH of 7. This leads to a conduc¬ 
tivity of 10”'* mho/m at room temperature. 
By adding acid or alkali to water, its pH (hy¬ 
drogen ion concentration) can be increased or 
decreased. This leads to very large changes in 
its conductivity; such changes are important 
for many natural (biochemical, bioelectrical), 
laboratory and industrial processes. 

4.4.3 Electrolysis 

With the above background, we are ready 
to describe the phenomena of electrolysis in 
modem terms, and to understand Faraday’s 
laws of electrolysis. These laws are as 
follows: 

(a) The mass of a substance produced 
by a cathode or anode reaction in 
electrolysis is directly proportional 
to the quantity of electricity (i.e., 
charge) passed through the cell. 

(b) The masses of different substances 
produced by the same quantity of 
electricity are proportional to the 
equivalent weights of the two sub¬ 
stances. 

We first consider two examples of electroly¬ 
sis, namely electrodeposition and electrolysis 
of water, and try to show how these are con¬ 
sistent with Faraday’s laws of electrolysis. To 
understand these facts, let 113 traxx; the flow 
of charge, starting from the negative end C' 
of the battery (Fig.4.5). Electrons (free elec¬ 
trons of the metallic wire) drift from C' into 
the cathode C. In the electrolyte, positive and 
negative ions carry the current. In the present 
case, i.e. CUSO 4 in water,the possible ions are 
Cu"*”*', SO 4 ” and H*", Oil”. (The relative con¬ 
centration of H*" ions depends on the acidity 
of the medium and can be substantial for an 
acidic electrolyte. This improves the conduc¬ 
tivity of the electrolyte and does not adversely 
affect the reactions we describe below, involv¬ 
ing Gu'*”*' ions.) The Cu"'”'' ions drift to the 
cathode C, and are neutralized by the elec- 
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Figure 4.B: Electrolysis of copper, A steady volt¬ 
age is applied between two copper plates immersed 
in CUSO 4 solution (electrolyte) Cu'*"'' ions drift in¬ 
side the electrolyte from the anode to the cathode. 

irons of the metal, flowing in from C'. The 
reaction at the cathode is 

Cu++ -f 2e“ -4 Cu. (4.10) 

(This, i.e., addition of electrons is called re¬ 
duction in chemistry). The flow of current in 
the electrolyte is maintained by Cu from the 
anode dissolving into the solution, i.e., via the 
oxidation reaction at the anode 

Cu -* Cu++-1-2e~ (4.11) 

with the two electrons flowing via AA' to the 
positive pole of the battery. (Flow of api- 
propriate ions inside the electrochemical cell 
or battery from C' to A' completes the cir¬ 
cuit) The concentration gradient set up by 
the variation in 00 ++ concentration from an¬ 
ode (higher) to cathode (lower) sets up a po¬ 
tential difference, which alters the concentra¬ 
tion of SOj- ions. 

The result of current flow in the circuit is 
thus deposition of Cu at the cathode and its 
‘plating out’ from the anode. In the pres¬ 
ence of free electrons from the metal wires 
and with a steady source of emf, a steady 


current flows through the circuit Any accu¬ 
mulation of charge anywhere is not possible, 
as this is a higher energy arrangement (due 
to Coulomb repulsion among the accumulated 
charges) which is unstable because of the flow 
of charges attracted or repelled from this ar¬ 
rangement. Because the flow of charge is at 
a steady rate, it is clear from Eqs (4.10) and 
(4 11 ) that (i) one atom of Cu is deposited at 
the cathode for each pair of electrons flowing 
through the wires, and (ii) the numbers of Cu 
atoms deposited at the cathode and ‘plated 
out’ from the anode are the same. 

Prom ( 1 ) above, we conclude that the 
amount of copper deposited is proportional to 
the charge flowing through the circuit. Since 
the latter is proportional to the time for which 
the current flows in case of a steady current, 
the amount of copper deposited is proportonal 
to the time for which the current flows. We 
have thus been able to make sense of the basic 
observed facts. 

As you probably know, the phenomenon 
of electro- deposition has many applications. 
One of them is electroplating. The metallic 
material to be electroplated is made the cath¬ 
ode of an electrolytic cell, the anode being 
the metal whose coating is desired. On pass¬ 
ing a current through the circuit with a suit¬ 
able electrolyte, metal deposits on the cathode 
(Fig. 4.6). There are certain requirements on 
battery voltage and the types of the two met¬ 
als, if the reverse reaction, namely electrolysis 
of the object to be electroplated and deposi¬ 
tion of its ions on the anode metal, is to be 
avoided. Other applications are reduction of 
ores to metals (e.g. AI 2 O 3 or alumina to alu¬ 
minium) and the purification of metals. 

Electrolysis of water'. The chemical reaction 

2 H 2 O = 2 H 2 + O 2 (4.12) 

requires 296 kJ per mole of water, or 2 9 eV 
per molecule. This energy can be supplied 
electrically, by an appropriate potential differ¬ 
ence. The process requires water as an elec¬ 
trolyte, in an electrolytic cell, between the 
electrodes of which r potential difference is 
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Figure 4.6! Schematic diagram showing elec¬ 
tro-deposition 

maintained. 

The aet, up for this electrochemical reaction 
is shown in Fig. 4 7. It consists of two plat¬ 
inum electrodes, these being chosen because 
platinum does not dissolve into the electrolyte 
and does not react with the products of elec¬ 
trolysis The electrodes are immersed in wa^ 
ter, with a small amount of sulphuric acid 
added to it. The latter makes the water more 
conducting by increasing the number of free 
ions in the solution. The evolved ga^ are 
collected as shown in Fig. 4.7. 

The reactions leading to electrolysis are as 
follows: At the cathode, the electrons flowing 
in from the negative terminal of the battery 
reduce water, i.e. 

4 H 2 O - 1 - 4e- —k 40H- -f 2 H 2 . (4.13) 

Thus hydrogen gas is evolved, and the OH~ 
ion concentration near the cathode rises. At 
the anode, since the OH“ concentration is low, 
and SO 4 ~ IS difficult to oxidize, direct oxida¬ 
tion of HjO is the major reaction, i.e. 

2 H 2 O - 4e- —1 4H+ -I- O 2 (4T4) 

The electrons released flow from, the anode to 


the positive terminal of the battery. The oxy¬ 
gen gas can be collected and the H+ concen¬ 
tration rises. In the electrolyte H’*' and OH' 
diffuse away, move towards the opposite elec¬ 
trodes and neutralize: 

4H+-f40H-— 14 H 2 O (4.15) 



Figure 4.7i Schematic figure of an, experimental 
arrangement for electrolysis of water The elec¬ 
trodes, the external circuit, the electrolyte and the 
collection of H 2 and O 2 are shown, 

Adding Fq.- (4.13) to Eq. (4.14) ami using 
Eq. (4.15), we have, finally, 

2 H 2 P = 2 H 2 + O 2 (4.16), 

with four electrons moving through the cir¬ 
cuit per two molecules of water hydrolyzed. 
Since the energy W required to break up a 
molecule of H 2 O 13 about 2.9 eV and two elec¬ 
trons circulate m the process, the voltage V 
supplied to one electron is given by W/2 = eV 
or V = {Wf2e) where e is the electron charge. 
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This voltage is therefore 2.9/2 = 1 45 V. The 
experimental number is 1.23 V. 

Faraday’s laws of electrolysis: We have seen 
earlier from the example of copper electrode- 
position that the mass of copper deposited is 
proportional to the charge Q flowing through. 
If the current / through the circuit is constant 
then Q = It where t is the time for which the 
current flows. Thus 

ma It (4.17a) 


or 

m = zit (4 17b) 


where a is a constant of proportionality. This 
is true in general, for any electrolytically de¬ 
posited material, since it depends only on the 
fact that depositing an atom requires a fixed 
(integral) number of electrons to flow through. 
This is Faraday's first law of electrolysis. 

What is the constant of proportionality in 
Eq. (4.17b)? Coi'iSider a mole, i.e., an Avo- 
gadro number Na of the atoms deposited on 
an electrode. If the valence of the atom in the 
particular electrolyte or electrode is p, then 
for each atom deposited, a charge pe must 
flow through the circuit where e is the electron 
charge, so that for a mole, the charge flowing 
through is iVyiple|. We have used the mag¬ 
nitude symbol |e| because the sign depends 
on the direction of current, and the ions de¬ 
posited. Now consider Eq (4.17b) again. We 
have, for m = one mole = M, It = WApjel, so 
that 


1 M 

A0t|e| p ’ 


i.e. z oc 


V ' 


(4.18) 


The quantity (mole divided by valence) is 
called the equivalent mass or chemical equiv¬ 
alent, and the fundamental constant ?Vyi|e[ is 
called a Faraday and given the symbol F. It 
has the value 96,487 (~ 96,500) C/mol. Equa¬ 
tion (4 18), which says that z is proportional 
to mole divided by valence, is Faraday's sec- 
qnd law of electrolysis 
Eq (4 18) suggests several very impor¬ 
tant things, some qualitative and one quan¬ 
titative. The fact that for the same charge 


passing through, the amount deposited is pro¬ 
portional to molar mass (mole) divided by va¬ 
lence, clearly implies that valence and elec¬ 
trical charge are connected. Also, since the 
gram atom or molecule (mole) contains a fixed 
(Avogadro) number of atoms by definition, 
the fact that to deposit it requires the same 
charge (times valence) means that there is an 
elementary unit of charge, common to all mat¬ 
ter; and that all charges are integral multi¬ 
ples of this unit. These implications concern¬ 
ing the ‘molecule of electricity’ were already 
clear to physicists like Maxwell by 1870 or so, 
though they were not easy to reconcile with 
the prevailing ideas of continuous charge dis¬ 
tributions. Maxwell, for example, used the 
hypothesis of a ‘molecule of electricity’ to ex¬ 
plain electrolysis, but remarked that ‘it is out 
of harmony with the rest of this treatise (on 
Electricity and Magnetism)’. The quantita¬ 
tive point of course is that if the value of 
a Faraday is measured accurately by experi¬ 
ment and the Avogadro number Na is known, 
e.g. from Brownian motion, the elementary 
electronic charge e can be found. Notice that 
neither of these are measurements on an indi¬ 
vidual electron, but are results of large scale 
experiments! Prom the value 96,500 C/mol for 
a Faraday, and 6.02 x 10^/mol for the Avo¬ 
gadro number, we estimate e ci 1.6 x 10~'®C. 


Example 4«4t It Is desired to deposit 
0.54 kg of silver per hour on the cathode 
of a silver voltameter whose resistance Is 
0.78 mfl. How much potential dlfierence 
must be maintained between the plates of 
the voltameter during electrolysis. Use the 
known value of Faraday’s constant: F = 
96,500 C mol”^. Relative atomic mass of 
silver Is 108. 

Aasweri Silver is monovalent. Its ion Ag"*" 
carries one unit of electronic charge (e). Since 
E = N. 4 e (where is Avogadro’s number), 
1 mole of silver ions carries a charge 96,500 C. 
That is, to deposit 108 g^of silver, the charge 
required is 96,500 C. Therefore the charge re¬ 
quired to deposit 540 g of silver is 96,500 x 5 
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= 482,500 C The required current then is 

, 482,500C 4825 

J — — — ^ 134A.. 

3,600s 36 

The steady potential difference required 
across the plates during electrolysis is 

— X 0 72 X 10-^ = 96 SmV, 

36 

Note that we have used Ohm’s law above 
This 13 known experimentally to be valid for 
voltameters with soluble electrodes (such as 
silver or copper voltameters) But for a water 
voltameter, forsnstance, a ‘back emf ’ of about 
1.7V needs to be taken into account before 
applying Ohm’s law 


Examiile 4.S i A steady current Is passed 
for a certain time through three voltameters 
connected In series a copper voltameter (Cu 
electrodes in CUSO 4 ), a silver voltameter (Ag 
electrodes In AgNOa) and an Iron voltameter 
(Fe electrodes In FeCla) The mass of copper 
dissolved off the anode of the first voltameter 
is found to be 473 1 g Fredlct the masses 
of silver and Iron deposited on the respec¬ 
tive cathodes of the other two voltameters. 
Relative atomic masses of Cu, Ag and Fe are 
63 54, 107.9 and BB.85 respectively. 


Answer 1 The valences of Cu (in CUSO 4 ), Ag 
(in Ag NO 3 ) and Fe (in FeCla) are 2, 1 and 
3 respectively The ratio of relative atomic 
mass to valency is 31.77 for Cu, 107 9 for Ag, 
and 18 62 for Fe. According to Faraday’s sec¬ 
ond law of electrolysis, for a given amount of 
charge (current x time) passed, the masses 
deposited on the cathodes (or dissolved off 
from the anodes) are in proportion to the ra¬ 
tios of relative atomic mass divided by va^ 
lency Therefore, mass of silver deposited 


473.1 X 107.9 
31 77 

mass of iron deposited 


^Ag’ 


= 1606.8 g 


’^Fe== 


473 1 X 18.62 
31.77 


= 277.2g 


4 . 4.4 Electrochemical cells 

Many chemical reactions take place with re¬ 
lease of energy. If this happens m an elec¬ 
trolyte, with one or more of the ionic species in 
it as participants, it is then possible that the 
energy released directly and solely increases 
the electrical potential energy of the ions The 
chemical reaction is thus a source of elec¬ 
trical energy The system can be used as a 
source of electrical power if the chemical reac¬ 
tion proceeds at a steady rate This is what 
one tries to achieve in an electrochemical cell, 
or battery Now in a chemical reaction, the 
energy released can typically be about 2 xlO^ 
joule per mole. This corresponds to moving a 
mole of ions, each of charge say- 2 |e| (the ionic 
charge on one of the reactants or products, 
say) up by a potential of about one voltl* We 
see that the emf of a cell cannot be very large. 
Known emf’s are in the range 1 to 1.5V, the 
highest being 2.5V or so Since the emf of a 
cell is derived from a chemical reaction, the 
total energy it can provide is limited by the 
amount of reactants, unless the reactants can 
be continuously supplied and the products re¬ 
moved. The latter is what is done in a fuel 
cell. 

In spite of the above facts, namely the small 
emf and limited energy capacity of a cell, and 
despite unfavourable economics (primary elec¬ 
trochemical power IS ten to hundred times 
more expensive than electromagnetic power 
we get from the mams), cells or batteries are 
still used because of their compactness and 
convenience. They have no moving parts, are 
pollution-free and are portable. Flashlights, 
transistor radios, electronic watches, hearing 
Bids, car batteries, all use cells of various 
kinds. Also, increasing awareness of decreas¬ 
ing energy resources has led to a great deal of 
interest in electrochemical methods of energy 
conversion. We discuss below a few types of 
cells, mostly those m common use. 

*The energy released per molecule is (2 X 10®/6 x 
We equate this to the electrical potential ener^ 
2e X V where V la the voltage and 2|e| is the ionic charge 
3.2 X10“'® C, e being the charge on an electron We then 
find Vm IV. 
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Figure 4.8: A Daniel cell showing the negative 
and positive terminals (Zn and Cu), the electrolytic 
solution and a porous pot separating them 

Daniel cell. This is the simplest cell to talk 
about, though it is not much in use because of 
its inconvenience. The cell consists of a zinc 
electrode immersed in dilute sulphuric acid 
(or acidulated zinc sulphate solution) and a 
copper electrode in copper sulphate solution, 
with a membrane (a fired clay or porcelain 
pot) through which ions can pass from one so¬ 
lution to the other (Fig. 4.8). At the former 
electrode, zinc ions pass into solution, and at 
the positive end of the cell, Cu ions are de¬ 
posited. The reactions are as follows; 

(i) Zn —^ Zn++ + Ze" (4.19a) 

at the Zn electrode, 

(ii) Zn++ -fCuS 04 —> ZnS 04 -t-Cu++ 

(4.19b) 

(in solution) and 

Cu++ —1 Cu - 2e~ (4 19c) 

at the Cu electrode 

Since inside the cell, the positive ion motion is 
from Zn to Cu, the former is called the anode 
and the latter is called the cathode If the 
circuit is completed externally by connecting 


the Zn and Cu electrodes, electrons flow out of 
the former and into the latter. Thus Zn is the 
external negative end and Cu is the external 
positive end The emf of this cell is 1.1 V, 
the energy 2eV where V = 1 1 volt is roughly 
equal to the energy produced per Zn atom in 
the reaction 

Zn -f- CUSO 4 —► ZnS 04 -t- Cu (4 20) 

which IS the total reaction represented by Eqs 
(4 19a-c). The emf of the cell can also be un¬ 
derstood as the sum of the energies released 
in the half reactions (4.19a) and (4.19c) at 
the cathode and anode respectively The reac¬ 
tions involve removal of electrons or oxidation 
(4 19a) and addition of electrons or reduction 
(4 19c) The energies are described in terms of 
oxidation potentials, the oxidation potentials 
for the two reactions 


Zn (solid) —y Zn'*"*' + 2e~ 

(4.21) 

and 


Cu (solid) —1 Cu"*"*" + 2e~ 

(4 22) 


are 0.76V and -0.34V respectively. Therefore 
the emf associated with the full electrochemi¬ 
cal reaction in which Zn dissolves into solution 
and Cu out of it, is 0 76 -)- 0,34 = 1.1 V. 

The cell is not very useful because hydro¬ 
gen is also produced by electrolysis in the 
ceil, and migrates to the Cu electrode. There 
it discharges, bubbles of hydrogen cover the 
electrode, the electrical resistance (internal 
resistance) of the cell increases, the current 
decreases and finally stops. This problem, 
known as polarization, is common to many 
electrochemical cells, and is overcome for ex¬ 
ample by adding a substance which oxidizes 
Hj. This is done in the Leclanche dry cell as 
described below 

Leclanche or dry cell: The carbon zinc dry 
cell is the most widely used primary cell. A 
cut-away diagram of this cell is shown in Fig. 
4.9. The electrolyte is a moist paste of ammo¬ 
nium chloride containing some zinc chloride. 
One electrode is a carbon rod surrounded by a 
mixture of manganese dioxide and powdered 
carbon The MnOj'prevents the formation 
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of gaseous hydrogen which would polarize the 
cell, and the powdi 'ed carbon reduces the in¬ 
ternal resistance ol the cell The other elec¬ 
trode, which is consumed as the cell is used, 
consists of a zinc cup. The cup serves as the 
cell container 

When an external circuit is connected 
across the cell, zinc atoms in contact with 
the electrolyte ionize, losing two electrons per 
atom. The electrons flow into the metal wire 
circuit, and Zn"*”*" ions pass into solution. The 
zinc is thus the anode. 

Zn —»Zn++ +2e~ (4 23) 

The ammonium ions of the electrolyte remove 
electrons from the carbon cathode to which 
electrons flow in from the external circuit, one 
thus has 

2 NHJ- + 2 e“ —* 2 NH 3 + H 2 (4.24) 

at the cathode The hydrogen is neutralized 
by Mn02 here. In the body of the electrolyte, 
the zinc ion Zn''"*' migrating towards the car¬ 
bon cathode combines with the Cl" ions to 
form zinc chloride, so that the overall chemi¬ 
cal reaction is 

✓ 

Zn -h 2 NH 4 CI -h ZMnOj —* 

ZnClj 4* 2 NH 3 + H^O 4“ Mn203 4“ 

(4 25) 

O' being the energy released per formula unit 
of reactants This is finally the chemical reac¬ 
tion which releases energy (^lnd dissolves am¬ 
monia as well as water into the electrolyte). 
The reaction involves migration of ions into 
and out of the electrolyte, and thus the energy 
of the reaction can be converted to increase 
their electrostatic potential energy. Some en¬ 
ergy is lost, of course in making the current 
flow inside the cell (its internal resistance), 
but this can be reduced by proper choice of 
materials as well as the size and shape for 
the cell The emf of a dry cell is about 1.5 
V; it can supply continuously, an electric cur¬ 
rent of 0 25 A. Its internal resistance can vary 
from, about O.lfl to 10f2. A commonly used 
cell with an alkaline electrolyte is the mer¬ 
cury cell which has mercuric oxide (mixed 


Cathode (graphite) 



Anode zinc 
container 

Plastic coating 
Porous paper 


Moist paste containing 
NH, Cl dispersed in 
a moist, inert filler 


Layer of MnOj and carbon 


Figure 4.9: The Leclanche or dry cell 

with graphite) as the cathode, potassium hy¬ 
droxide as electrolyte, and a zinc anode. The 
cell is very durable, has a high energy den¬ 
sity (or amount of electro-chemical energy per 
unit volume) and large currents can be drawn, 
Under the common name ‘button’ cell, this is 
used in watches, cameras, hearing aids, etc.. 


Secondary cell or accumulator: Some cells 
can be recharged by passing a current through 
them in the reverse direction The chemical 
processes that occur at the electrodes during 
discharge are then reversed, and the cell re¬ 
covers Its original state, except that some en¬ 
ergy is lost during the charge discharge cycle. 
Such cells are called secondary cells or accu¬ 
mulators, A common example is the lead sul¬ 
phuric acid cell, invented by Gaston Plante, 
a French physicist, in 1859. The electrodes 
consist of alternating parallel plates of lead 
dioxide (positive external electrode or cath¬ 
ode) and spongy lead (Pb, negative electrode 
or anode) insulated from each other by porous 
separators made of wood, rubber, plastic or 
glass fibre This arrangement is immersed 
in an electrolyte of dilute sulphuric acid con¬ 
tained in a glass or rubber composition tank 
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(see Fig 4.10) 



Figure 4.10: The lead storage battery, of the sort 
used in cars The cut-away view shows one of the 
positive plate grills, a negative plate grill, and sep¬ 
arators 

When the cell operates, the reactions are as 
follows; 

Anode: 

Pb(s) + HSO 7 + HzO —^ 

PbS 04 (s) + 2 e--f H 3 O+ (4.26a) 

Cathode: 

Pb02(s) -l-HSO^ -I- 3 H 3 O+ -l-2e”—► 
PbS04(3) d-SHzO (4.26b) 


Overall reaction: 

Pb(s) - 1 - 2 HS 04 -t- 2 H 30 + -|-Pb02(s)—► 
2 PbS 04 (s) 4 -H 2 O. (4.26c) 


We notice that as the reaction proceeds lead 
sulphate is formed at each electrode, and both 
Pb and PbOz are depleted Also, the concen¬ 
tration of H 2 SO 4 is diminished This is the 
discharging of the accumulator As the elec¬ 
trodes get converted to PbS 04 | the voltage 
falls. The accumulator is charged by pass¬ 
ing a current in the opposite direction so as 
to reverse the reactions (4.26a-c), and thus 
to restore the cell to its original condition 
Normally several cells, each with several plate 
pairs connected in parallel, are used. Each 
cell produces a voltage of 2 05 V, and typically 
SIX are connected in series for a car battery to 
produce with an emf close to 12 V. 

The state of charging is simply monitored 
by measuring the specific gravity of the elec¬ 
trolyte It varies from 1.28 when fully charged 
(sulphuric acid -f water) to 1 12 when dis¬ 
charged (mostly water) This secondary cell 
has a low internal resistance (i.e. It can de¬ 
liver a high current if needed), and can be 
recharged a very large number of times with¬ 
out deterioration in properties. 

Fuel cell. The fuel cell is an electrochemi¬ 
cal cell in which the chemical energy of fu¬ 
els continuously supplied from the outside is 
converted into electrical energy. Their advan¬ 
tages are that there is no need to replace re¬ 
actants, as in a primary cell, or to recharge, 
as in a secondary cell. These cells are in the 
process of development for large scale use An 
example is the hydrogen-oxygen fuel cell. The 
overall reaction is 

2 H 2 (g) + 02 (g) —^ 2 H 20 (4.27a) 

The half-reactions at the anode and cath¬ 
ode respectively, and in an alkaline (ba¬ 
sic) electrolyte solution, are as follows: 
(Anode); 

H 2 (g) -f- 20H- —+ 2 H 2 O + 2e- (4 27b) 

(Cathode): 

02 (g) -I- 2 H 2 O -|-4e- —* 40ir (4.27c) 

The basic solution is used in preference to the 
acidic because with the former problems of 
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Figure 4.11: A hydrogen-oxygen fuel cell Hydro¬ 
gen gas IS passed through a porous graphite anode 
impregnated with a catalyst and oxygen is diffused 
through a similarly constructed cathode The elec¬ 
trolyte is a concentrated potassium hydroxide so¬ 
lution, The cell has an emf of -hi,2 volts, 

corrosion are less, and the reaction rate at the 
electrodes improves 


A schematic design of the hydrogen-oxygen 
fuel cell is shown in Fig, 411 , Two chain- 
bers constructed of porous carbon dip mto 
an aqueous solution of KOH, Hydrogen gas ig 
pumped into one chamber where it is oxidized 
according to the anode reaction (4 27 b), Si¬ 
multaneously, oxygen gas is pumped into the 
other chamber where it is reduced according 
to reaction (4 27 c). Because H2 and O2 re¬ 
act very slowly at room temperature, cata¬ 
lysts are needed, and are mixed in with the 
carbon of the porous pots Some catalysts 
at the anode are finely divided platinum or 
palladium, and at the cathode cobalt oxide, 
platinum or silver. 

Fuel cells are attractive because they are 
very efficient; chemical energy can be com¬ 
pletely converted to electricity. They (elec¬ 
trochemical cells m general) are not heat en¬ 
gines, so their efficiency is not limited by 
working temperatures etc. (Chapter 11, Class 
XI Physics textbook) In practice, the ef¬ 
ficiency 13 in the range of 70 % The mam 
problems at present are the cost of materials, 
lack of long term reliability, and uncertainties 
about initial fuels. 
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.. .. - - - I ■ I Summary .. . 

1, If a current 7 flows through a potential drop V, the energy lost per second by the drifting 
charges is IV. In a resistor of resistance R, this loss of energy appears as heat. The rate 
of heat production P is 

p = IV = I^R= V^/R, 

and IS independent of the direction of current. 

2. (a) Seebeck effect. If two junctions of dissimilar conductors in a circuit are held at 

different temperatures, an emf develops causing a current to flow in the circuit The 
thermoelectric emf for two materials A and B.is [Va-Vb), where and Vb are 
characterstic of the materials A and B respectively This implies Vac - Vab - Vbfl. 
The thermoelectric emf of a number of thermocouples (i e. conductor junctions) is 
given by a simple form 

Vab = ad + \l30^ 

where 0 is the temperature difference between the junctions and a,j3 are mate¬ 
rial parameters. A thermocouple provides an accurate and convenient device for 
measuring temperature The copper-constantan thermocouple is very suitable in the 
range 50 K - 400 K. It develops a voltage of the order of 40 pV per degree Celsius 

(b) Peltier effect. When an electric current is passed through a junction of two 
dissimilar conductors, heat is either absorbed or released at the junction, depending 
on the direction of the current The effect finds application in thermoelectric 
refrigerators. 

(c) Thomson effect This refers to the emf that develops between two parts of a single 
metal when they are at different temperatures. 

All the three thermoelectric effects can be related to each other quantitatively using 
thermodynamics. 

3 The water molecule has an electric dipole moment, and water molecules tend to 'asso¬ 
ciate', These two facts make water a highly polarizable medium with a dielectric constant 
of about 81 at room temperature 

Crystalline NaCI consists of Na+ and Cl“ ions bound by electrostatic attraction When 
It IS dissolved in water, this electrostatic potential energy is reduced because of the high 
dielectric constant of water, and hydration. The thermal agitation at room temperature 
IS then enough to dissociate a dilute solution of NaCI molecules into free Na'*' and Cl~ 
ions. 

4. Electrolysis of CUSO 4 
At the cathode 

Cu++ ions drift to the cathode and are neutralized by the electrons flowing in from the 
negative terminal of the external source 

Cu'^"'' + 2e“ —r Cu 
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At the anode 

Cu dissolves into the solution producing Cu++ and 2e~, the latter flowing to the positive 
terminal of the source 

Cu —► CU+++ 2e' 

In effect, copper is dissolved off the anode and deposited at the cathode 

5. Electrolysis of -water 
At the cathode: 

4H2O + 4e" —r 40H“ + 2H2 

At the anode: 

2H2O -4e" —* 4H+ + O2. 

In the electrolyte, H+ and OH" diffuse away towards the opposite electrodes and 
neutralize. 

4H+ + 40H" —>4H20 
The net reaction is 
2H2O —» 2H2 + O2 
which requires 2 9 eV per molecule. 

6 Earaday’s laws of electrolysis 

(a) The mass of substance (m) deposited at the cathode (or dissolved off the anode) in 
electrolysis is proportional to the total charge Q passing through the circuit If the 
current I is constant and flows for a time t, Q = It and 

m = zit 

where z is a constant of proportionality 

(b) The masses of different substances produced in electrolysis by the same quantity of 
electricity (1 e. total charge) are proportional to their equivalent masses 

These laws are easy to understand in the atomic view For each atom of valency p 
to be deposited, a charge pe must pass through the circuit. Therefore, for a mole of 
the substance deposited i e. for m = M, where M is the relative atomic mass, the 
total charge flowing through is NaPc, where Na is the Avogadro's number Thus 

M = ziV^pe or z = MINa^P 

where M/p is the equivalent mass of the substance Thus, 

MIt M 

m — —— 1 e m oc — 

Na^p p 

for a given amount of charge It, which is the second law of electrolysis. 
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7 Faraday's second law of electrolysis has important implications. It suggests that valency 
and electrical charge are connected, and liiat there is an elementary unit of charge e 
common to all matter so that all charges are integral multiples of e The fundamental 
constant A'Ue is called Faraday and denoted by F From the measured values ol F 
96500 C/mol (from experiments on electrolysis) and of = 6 02 x 10^^/mol (from 
experiments on Brownian motion), e is estimated to be 1 6 x 10“’®C 

a In electrochemical cells, chemical reactions are a source of electrical energy Examples 
of primary cells are the Daniel cell and the carbon-zinc dry cell In a secondary cell or 
accumulator such as the lead sulphuric acid cell, chemical processes that occurred at the 
electrodes during discharge are reversed by passing a current through it in the reverse 
direction, and the cell gets charged i e. recovers its original state In a fuel cell, chemical 
energy of fuels continuously supplied from the outside is converted into electrical energy. 
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Exercises 


4.1 A current of 4 0 A flows through a 
12fl resistor. What is the rate at 
which heat energy is produced in the 
resistor? 

4.2 An electric motor operates on a 50V 
supply and draws a current of 12 A. If 
the motor yields a mechanical power 
of 150 W| what is the percentage ef¬ 
ficiency of the motor"^ 

4.3 A 10 V battery of negligible internal 
resistance is charged by a 200 V d.c 
supply If the resistance in the charg¬ 
ing circuit is SSfl, what is the value 
of the charging current? 

4.4 A heating element is marked 210 V, 
6.30 W What is the current drawn by 
the element when connected to a 210 
V d c, mains'^ What is the resistance 
of the element? 

4.5 A 10 V storage battery of negligible 
internal resistance is connected across 
a 50n resistor made of alloy man- 
ganin. How much heat energy is pro¬ 
duced in the resistor in 1 h? What is 
the source of this energy‘s 

4.6 An electric motor operating on a 50 V 
d.c supply draws a current of 12 A. If 
the efficiency of the motor is .30%, es¬ 
timate the resistance of the windings 
of the motor 

4.7 An electric bulb is marked 100 W, 230 
V. If the supply voltage drops to 115 
V, what is the heat and light energy 
produced by the bulb in 20 minutes? 

4.8 The maximum power rating of a 20fl 
resistor is 2 0 kW. (That is, this is 
the maximum power the resistor can 


dissipate (as heat) without melting or 
changing in some other undesirable 
way). Would you connect this resis¬ 
tor directly across a 300 V d c. source 
of negligible internal resistance? Ex¬ 
plain your answer. 

4.9 Two heaters are marked 200 V, 300 
W and 200 V, 600 W. If the heaters 
are combined in senes and the combi¬ 
nation connected to a 200 V d.c. sup¬ 
ply, which heater will produce more 
heat? 

4.10 An electric power station (100 MW) 
transmits fixed power to a distant 
load through long and thin cables 
Which of the two modes of trans¬ 
mission would result in lesser power 
wastage power transmission at (i) 
20,000 V or (ii) 200 V? 

4.11 Give the direction of thermoelectric 
current (i) at the cold junction of 
copper-bismuth I (ii) at the hot junc¬ 
tion of iron-copper and (lii) at the 
cold junction of platinum-lead. 

Additional Exercises 

4.12 A dry cell of emf 1 5V and internal 
resistance 0 10 f2 is connected across 
a resistor in series with a very low re¬ 
sistance ammeter. When the circuit 
is switched on, the ammeter read¬ 
ing settles to a steady value of 2.0A 
What is the steady (a) rate of chem¬ 
ical energy consumption of the cell, 
(b) rate of energy dissipation inside 
the cell, (c^ rate of energy dissipation 
inside the resistor, and (d) power out¬ 
put of the source? 

4.13 A series battery of 6 lead accumula¬ 
tors each of emf 2 OV and internal re- 
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sistance O.SOfi is charged by a lOOV 
d c. supply. What senes resistance 
should be used in the charging circuit 
in order to limit the current to 8 
Using the required resistor, obtain (a) 
the power supplied by the d c. source, 

(b) the power dissipated as heat and 

(c) the chemical energy stored in the 
battery in 15 min, 

4.14 (a) A battery of cmf £ and inter¬ 
nal resistance r is connected across a 
pure resistive device (e.g an electric 
heater or an electric bulb) of resis¬ 
tance R. Show that the power out¬ 
put of the device is maximum when 
there is a perfect ‘matching’ between 
the external resistance and the source 
resistance (i e when R = r) Deter¬ 
mine this maximum power output. 

(b) What is the power output of the 
source above if the battery is shorted? 
What is the power dissipation inside 
the battery in that case? 

4.15 A 24V battery of internal resistance 
4.on is connected to a variable re¬ 
sistor. At what value of the current 
drawn from the battery is the rate of 
heat produced in the resistor maxi¬ 
mum? 

4.16 (a) An electric motor runs on a d.c 
source of emf E and internal resis¬ 
tance r. Show that the power output 
of the source is maximum when the 
current drawn by the motor is £/2r 

(b) Show that the power output of an 
electric motor is maximum when the 
back emf is one half the source emf 
provided the resistance of the wind¬ 
ings of the motor is negligible. 

(c) Compare and contrast carefully 
the situation in this exercise with that 
in 4.14 above. 


4.17 Power from a 64V d c supply goes 
to charge a battery of 8 lead accu¬ 
mulators each of emf 2 OV and inter¬ 
nal resistance (1/8)$? The charging 
current also runs an electric motor 
placed in series with the battery If 
the resistance of the windings of the 
motor IS 7.0 Q and the steady supply 
current is 3 5 A, obtain 

(a) the mechanical energy yielded by 
the motor in Ih, and 

(b) the chemical energy stored in the 
battery during charging in Ih 

4.18 Two ribbons A and B are given with 
the following particulars: For a fixed 



A 

B 

Alloy 

Constantan 

Nichrome 

Length (m) 

8 456 

4 235 

Width (mm) 

1.0 

20 

Thickness (mm) 

0 03 

0.06 

Temperature 



coefficient 



of resistivity 

Negligible 

Negligible 

Resistivity 

49 

11 

in 10“’flm 




voltage supply, which of the two rib¬ 
bons gives rise to a greater rate of 
heat production? 

4.19 Two wires made of tinned copy- 
per having identical cross se'ction 
(=10“®m*) and lengths 10 cm and 15 
cm are to be used as fuses Show that 
the fuses will melt at the same value 
of current in each case 

4.20 A fuse with a circular cross sectional 
radius of 0.15 mm blows at 15A 
What should be the radius of cross 
section of a fuse made of the same 
material which will blow at 30A? 
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4.21 (a) A nichTome heating element 
across 230V supply consumes 1 5 kW 
of power and heats upto a tempera¬ 
ture of 750°C. A tungsten bulb across 
the same supply operates at a much 
higher temperature of 1600°G, in or¬ 
der to be able to emit light Does 
it mean the tungsten bulb necessarily 
consumes greater power? 

(b) Which of the two has greater re¬ 
sistance' a 1 kW heater or a lOOW 
tungsten bulb, both marked for 230 
V? 

4.22 The thermoelectric emf f of a cop¬ 
per constantan thermocouple, and 
the temperature 9 of the hot junction 
(with cold junction at 0°C) are found 
to satisfy approximately the following 
relation. £ = a9 + b9‘^ where £ is in 
/iV, 9 in °C and a = 41/jV °C“’ and 
6 = 0 041/iV °C■^ 


What is the temperature of the hot 
junction when the thermoelectric emf 
is measured to be 5.5mV? 

4.23 A sensitive microphone cannot with¬ 
stand currents greater than 0 05A. 
When connected across a thermocou¬ 
ple of emf 8 5 mV, the current in a 
very low resistance ammeter placed 
in series in the circuit reads 34 mA 
What is the resistance of the micro¬ 
phone'^ 

4.24 Heat is produced at a junction of 
two metals when a current passes 
through When the direction of cur¬ 
rent IS reversed, heat is absorbed 
at the junction (i e. the junction 
gets cooler). Is the usual formula 
(I^R=power dissipated as heat) appli¬ 
cable for this situation? If not, why? 


Michael Faraday (1791-1867) 

Perhaps the greatest experimental genius the 
world has known, he always believed that cer- 
^tain fundamental relations were waiting to be 
found, and was not dismayed by many fail¬ 
ures from persisting till basic discoveries were 
established. He made fundamental contribu¬ 
tions to physics and chemistry He was the 
discoverer of electromagnetic induction, of the 
laws of electrolysis, and of basic relations be¬ 
tween light and magnetism He was the origi¬ 
nator of the idea of the electro-magnetic field 
and lines of force 
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5.1 Introduction and Oersted’s 
discovery 

We begin to look into the connection between 
electricity and magnetism in this chapter, For 
several centuries, electric and magnetic forces 
were thought to be completely different, and 
somewhat uncommon For example, the elec¬ 
trical force exists between bodies which can be 
‘electrified', e g by rubbing. The conditions 
under which this happens, the size and sign of 
electrical forces, etc have been discussed in 
Chapter 1. Magnetic forces seem even more 
obscure, they are observed only between suit¬ 
ably prepared pieces of iron, as well as a few 
other materials (see Chapter 6) We shall see 
beginning with this chapter that firstly, elec¬ 
tricity and magnetism are very closely related 
to each other. Secondly and even more impor¬ 
tantly, electrical and magnetic forces are not 


obscure but pervade all matter, determining 
the structure and properties of atoms, mole¬ 
cules and collections of them 
In a rough sense, electricity and magnetism 
give rise to each other As we shall see in 
this chapter, a steady electric current (i.e. a 
steady flow of electric charge) produces a mag¬ 
netic field This was discovered early in the 
nineteenth century. About ten years or so 
later, in the early 1830’3, Faraday in Eng¬ 
land and Henry in the U S.A, found that a 
magnetic field depending on time produces 
an electric field, i.e an electromotive force 
(Chapter 7) Forty years later (in 1873) 
Maxwell argued that the converse relation, 
namely a time dependent electric field produc¬ 
ing a magnetic field, is also necessary. One of 
the consequences of this mutual relation is the 
electromagnetic wave, already familiar to you 
in the form of radio and light waves (Chapters 
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9 and 10) The way electrical forces determine 
the nature and structure of atoms is discussed 
m Chapters 12 and 13 

The first practical step in this long jour¬ 
ney was the invention of the cell or the 
electrochemical cell around 1800 (Chapters 
3 and 4) With its help, a steady cur¬ 
rent of electric charge could be made to flow 
through a conductor, the power needed for 
this being supplied by suitable chemical re¬ 
actions Very soon, many experiments were 
being done using currents As early as 1802, 
Gian Domenico Romagnosi, an Italian lawyer 
and judge, found that an electrical current 
flowing in a wire affected a magnetic need¬ 
le placed near it, and published his observa¬ 
tions in a local newspaper (called Gazetta di 
Trentmo). However, this observation was ig¬ 
nored, and the astounding effect was redis¬ 
covered in 1820 by Hans Christian Oersted, a 
Danish physicist. He noted during a lecture 
demonstration that a magnetic compass nee¬ 
dle, brought close to a straight wire carrying 
an electric current, aligned itself perpendicu¬ 
lar to the wire, More precisely, the alignment 
is tangential to a circle which has the wire 
as centre, and which has its plane perpendi¬ 
cular to the wire (Fig. 5.1). Oersted also no¬ 
ticed that reversing the direction of current 
nearly reversed the direction in which the nee¬ 
dle pointed i e., a needle pointing N-S turned' 
to S-N" Prom such observations he concluded 
that a magnetic field is associated with an 
electric current, and that it is this magnetic 
field which tends to align a magnetic needle 
much as the earth’s magnetic field does. 

The news of this stunning discovery spread 
rapidly, and the effects of a steady current flow 
were quantitatively understood and described 
essentially within the year 1820, mainly by 
four PVench physicists. Francois Arago show¬ 
ed that a current acts like an ordinary magnet 
also in its ability to attract iron filings and to 
induce permanent magnetism in iron needles 
Andre-Marie Ampere found that currents ex¬ 
ert force on each other and determined the 
laws governing them, namely their size as well 
as direction Jean-Baptiste Biot and Felix 



(a) (b) 


Figure 5.1: Magnetic field due to a straight, long 
current-carrying wire The wire is perpendicular 
to the plane of the paper, and comes out of it (a) 
Iron filings around such a wire (b) An array of 
compass needles surrounding the wire. The dark 
ends of the needles mark their north poles 


Savart determined from experiments the de¬ 
pendence of the magnetic field produced by 
a current-carrying wire on the distance from 
it, the direction of this magnetic field, etc. In 
the next few sections, we describe these basic 
consequences of current flow 


5.2 Magnetic field due to a current 
(Biot-Savart law) 

5.2.1 Biot-Savart law 

We have seen in Chapter 1 that the electri¬ 
cal force between two point electric charges 
qi and q 2 sepaiated by a distance ri 2 is the 
simplest such force to describe Coulomb’s 
law (Eq. (1.2)) for the electric force states its 
observed dependence on q\, qi and ri 2 We 
also found (Section 1.5) that this force can be 
thought of as being due to an electric field 
El caused throughout space by the charge qi 
and acting on the charge 92 its location 
(or vice versa) The electric forces and fields 
due to more general and complicated arrange¬ 
ments of charges can be obtained by putting 
together the Coulomb’s law forces and fields 
in a straightforward way. The similar obvious 
questions for magnetic forces are then the fol¬ 
lowing; What are the known simple sources 
for magnetic forces'^’ Can magnetic forces be 
conveniently described in terms of magnetic 
fields? What are the force and field laws for 
magnetism analogous to Coulomb’s laws for 
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electrostatics? How can magnetic forces and 
fidds due to a generaJ distribution of sources 
be described"? 

It turns out that there are no sources of 
magnetic force similar in nature to point 
electric charges giving rise to electric fields. 
Such magnetic monopoles have been looked 
for extensively, but have not been found so 
far. The known sources are electric currents 
(or moving electric charges, as we shall see 
later) or permanent magnets. The elemen¬ 
tary source of magnetic force is a small length 
dl (or a length element) of a conductor car¬ 
rying a current I The force on another sim¬ 
ilar conductor can be expressed conveniently 
in terras of a magnetic field dB due to the 
first (Section 5 .3) The dependence of such a 
magnetic field on the current I, on the size 
and orientation of the line element dl, and on 
the distance r from it was guessed at by Biot 
and Savart from measurements on finite (not 
infinitesimal) current-carrying wires with sim¬ 
ple shapes, e.g, lines, rectangles and circles 
These measurements were of forces as well as 
of the direction in which a magnetic needle 
comes to equilibrium near such wires This 
direction turns out to be that of the total re¬ 
sultant magnetic field, i.e , the vector sum of 
the magnetic fields due to the current-carrying 
wire and the earth. 

In this chapter, we shall first describe the 
magnetic field due to a small piece of current- 
carrying conductor (this section) and then the 
force due to this field (Section 5.3) This is 
the reverse of the ‘natural’ order used earlier 
in electrostatics, where the Coulomb force be¬ 
tween charges was discussed first and the elec¬ 
tric field described later. This reversal of or¬ 
der is essentially for the sake of convenience 
and simplicity?. 

The magnitude of the magnetic field 

'The question of whether forces between charges, be¬ 
tween currents, na also between inaasea should be consi¬ 
dered as ‘action at a distance' or as due to fields produced 
by one 'source' and acting on the other, is a basic one m 
physics We shall take a practical attitude here, adopt¬ 
ing the held point of view because of its usefulness and 
power 


dB at a distance r from a current ele¬ 
ment dl carrying a current I is found to 
be proportional to 7, to the length dl 
and inversely to the square of the dis¬ 
tance I r |. The direction of the mag¬ 
netic field is perpendicular to the line 
element dl as well as the radius r 

These features of the field dB can be 
written compactly^ as 



Here, {pq/Att) is a constant of proportion¬ 
ality discussed below 

The Biot-Savart relation (Eq (5 1)) be¬ 
tween current element and magnetic field is 
illustrated in Fig, 5 2 The current element 
dl IS in the plane of the paper, as is the radius 
vector r connecting the line element midpoint 
O to the field point P at which the magnetic 
field is to be found. From Eq. (5.1), we expect 
the field to be perpendicular to both dl and r, 
i e., perpendicular to the plane of the paper. 
FVom the definition of the cross product, and 
the corkscrew rule illustration, the field at P 
points into the paper Such a field direction 
IS shown by a circled cross (®), according to 
convention. (The conventional sign for a field 
coming out of the plane, and perpendicular 
to it, is a dot, namely •). One way of remem¬ 
bering the sign convention is to imagine an 
arrow pointing in the direction of the vector. 

?In Eq (5 1) we use the symbol a x b for the ‘vector 
product' c of two vectors a and b Such vector products 
have been used earlier, e g p. 140 and 160 of the Class 
XI physics text-book We briefly recall the results here 
The vector product c = a x b of two vectors a and b has a 
magnitude la||b| sinfl where is the angle between a and 
b {going from a to b) The direction is perpendicular to 
the plane containing a and b More apecidcally, imagine 
a right-handed corkscrew, whose handle turns from a to 
b The cross product c is in the direction of advance 
of the corkscrew The cartesian components are = 
(aj6, — Qjlij)) = (aztx — Cj = (a^bg — ayb^),^ A 
vector of unit length (called unit vector) in the direction 
of a vector v is denoted by v, e g r is a unit vector along 
r (Eq. (5 1)). Unit vectors along the cartesian axes x,y 
and 2 are given by symbols i, j and k 
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Figure 6.2: A small segment or line element dl of 
a wire carrying an electric current I. The quantity 
of interest is the magnetic field dB at a point P 
which is a distance r away The angle between dl 
and OP (or r) is 6 The field at P is perpendicular 
to the plane of the pap^r, pointing into it. 

If the vector points out of the paper, we see 
the head of the arrow namely the •, If the 
vector points into the paper, we see the tail of 
the arrow, namely the (3. The magnitude dB 
of the field is 

(«) 

where 6 is the angle between the current cle¬ 
ment dl (whose length is often denoted as df) 
and the radius vector r (Fig. 5.2) It is worth¬ 
while to note the similarities and differences 
between the Biot-Savart law for the magnetic 
field (Eq (5.1)) and the Coulomb law for the 
electric field (Eq, (1.13)). 

(a) Both magnetic and electric fields depend 
inversely on the square of the distance be¬ 
tween the source and the field point Doth 
are therefore of long range. 

(b) The electric field is produced by a scalar 
source, i.e., the electric charge, which is spec¬ 
ified completely by a number, positive or neg¬ 
ative, in some units. The magnetic field is 
produced by a vector source, i.e., by a current 
element which has a magnitude /|dl| and a 
direction along the line element dl 

(c) The electric field is along the radius vector 
joining the source and field point, while the 


magnetic field is perpendicular to the radius 
vector (and to the current element vector) 

We shall indicate later how the differences 
continue to be reflected in electric and mag¬ 
netic forces (Section 6.3). Both electric and 
magnetic fields are proportional to the source 
strength, namely charge q and current element 
/dl, respectively. This circumstance (linear¬ 
ity) makes it simple to find the fields due to 
metre complicated distributions of charge and 
current by superposing, i e., adding (as vec¬ 
tors) those due to elementary charges and cur¬ 
rents. We have seen and used this for charges 
m Chapters 1 and 2. We shall show here in 
simple cases how to find the magnetic field 
due to finite current-carrying conductors. 

We now briefly describe various kinds of 
sources of magnetic fields Since an electric 
current is due to a flow of electric charge at 
a certain rate, moving charges produce mag¬ 
netic fields (Section 5..3). In addition, many 
elementary particles (both charged and neu¬ 
tral) have intrinsic magnetic moments These 
also produce magnetic fields (see Section 5 5 
for a discussion of magnetic moments and 
fields due to them).. The magnetic field at 
a point P in space due to a general, finite 
(not infinitesimal) current-carrying conductor 
IS obtained by imagining the latter to be made 
up of a large number of small current-carrying 
length elements, finding the field at P due to 
each of these elements using the Biot-Savart 
law, and adding the fields. (In the limit that 
the length of each element becomes infinitesi¬ 
mally small, this sum becomes an integral.) 
The process involved is sketched roughly in 
Fig. 5.3, which shows a loop of wire through 
which a steady electric current / flows. The 
magnetic field at a particular point P is the 
sum of the fields due to a large number of 
small segments. Some of these (labelled 1 
to 7) are explicitly shown in the figure. We 
imagine these segments becoming smaller and 
more numerous, so that the actual wire is, 
in the limit, continuously and exactly repro¬ 
duced by this collection The total field at 
P in this limit is that measured there. We 
shall show how to calculate B for some com- 
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Figure 5.3: The magnetic iield at a point (marked 
P) due to a current I flowing through a given cir¬ 
cuit can be obtained by imagining the circuit to 
be made up of a large number of small current 
segments, finding the field due to each using the 
Biot-Savart law (Eq. (5 1)), and adding the fields. 

monly encountered examples, such as a long 
straight current-carrying wire and a circular 
loop, Magnetic fields are also produced by 
permanent magnets, such as pieces of iron, 
which are described in the next chapter. Their 
magnetism is finally due to the intrinsic mag¬ 
netic moment of an electron and also to the 
magnetism connected with circulating elec¬ 
trons in atoms. 

The SI unit of magnetic field is called ‘tesla’ 
after the great Yugoslav inventor and scientist 
Nikola Tesla (1856-1943; see biography) The 
tesla is defined by the Eq (5.1), where the 
constant of proportionality (/io/47'') has the 
/exact value 10"^ tesla metre/ampere, abbre¬ 
viated 10'^ Tm/A This means the following: 
A small current element dl metres long, carry¬ 
ing a current of one ampere (one coulomb per 
second in terms of quantities we know, but for 
the basic definition of ampere, see Section 5.3) 
produces at a distance one metre from the ele¬ 
ment and perpendicular to it (i e., in Fig. 5.2, 
0 = 90““, |r| = Im) a magnetic field of magni¬ 
tude 10“^|dl| tesla The direction is perpen¬ 
dicular to the plane containing dl and r. The 
tesla is defined in terms of electric current in 
amperes, and distance in metres. ■ The rela¬ 
tion between (/zo/47r), a constant with phys¬ 



Figure 6.4: A straight very long wire carrying a 
steady current I The symbols are as explained in 
the text The field P is perpendicular to the plane 
of the paper and into it, as shown by the symbol 
® 

ical dimension, and (47reo), another constant 
with physical dimension used in electrostatics, 
will be discussed in Chapter 9 where it will be 
pointed out that (pofo)~’’= being the 
velocity of light in vacuum ( =; 3 x 10® m/s). 
Thus this product has both a fixed size and a 
fixed dimension. Therefore if one of the two 
constants of proportionality is chosen accord¬ 
ing to convenience, the other is fixed automat¬ 
ically. In the SI units (/io/47r) is assigned the 
exact numerical value 10~^ (see Appendix D 
on units in electricity and magnetism for fur¬ 
ther discussion of this). 


5.2.2 Magnetic field due to a straight 
(infinitely) long 
current-carrying wire 

Consider a straight infinitely long wire carry¬ 
ing a steady current I We are interested in 
the magnetic field at a point P distant R from 
the wire (P'lg 5.4) The line AP is perpendic¬ 
ular to the wire, and is of length R From the 
Biot-Savart law, (Eq (5.1)), the magnetic 
field dB due to a small element dl of the wire 
near the point O at a distance |r| = r from P 
(OP = r) is 


dB 




,dl X r 


(5.3) 


Since the current element dl and the vec¬ 
tor r make an angle 0 with each other, the 
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Figure 5.6: A set of coordinate axes useful for 
describing the field at a point P (which lies on the 
j/ axis) due to a long straight current-carrying wire. 
The wire passes through the origin A and lies along 
the X axis OA The magnetic field at P 13 along the 
dotted line (parallel to the z axis) 


product dl X r has a magnitude dir sin 0 It 
is directed perpendiculai to both dl (along x 
axis as shown in Fig, 5,5) and p (which is 
in the xy plane). This is the direction per¬ 
pendicular to the plane of the paper and go¬ 
ing into it, as is clear from the right handed 
corkscrew rule (direction of advance of a right 
handed corkscrew turning from dl to r) Fig¬ 
ure 5,4 shows this direction by a circled cross 
According to the choice of coordinate axes in 
Fig, 5.5, this is the z axis. One can therefore 
write 


Mo / dl s\ne . 

dB = -- 5 -k 

4-71 r'‘ 


(5 4) 


where k is a vector of unit length along the 
z axis Now we express sin0 and r in terms 
of R which is a fixed distance for any given 
point P in space, and I which describes where 
the current element dl is, on the straight wire 
We notice that sinfi = [R/{R^ -I- F)V^] and 
r = {R^ -P Thus, Eq. (5 4) becomes 




dZ R 


471 " {R^ -P P)3/2 “ 

To find the field due to the entire straight 
current carrying wire, we have to add such 
contributions coming from different current 



Figure 6.6: Some magnetic field lilies showing the 
direction of the magnetic field for a straight wire 
carrying current The wire is shown coming out 
of the plane of the paper at A The field point P, 
and the nearest point A on the wire (Figs, 5 4 and 
5 5) are shown The direction of the magnetic field 
at any point on the curve is along the tangent to 
the curve at that point The field lines are closed 
concentric circles 



Figure 6.7: Right hand rule for the direction of 
B due to a straight current-carrying conductor 
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elements on the wire. Wc first notice that 
the direction of the magnetic field due to any 
such element is the same, namely along the z 
direction. Thus all we have to do is to add 
the magnitudes of the fields due to each cle¬ 
ment. This sum becomes an integral in the 
limit that each element dl becomes very small 
(infinitesmal) We then have 


B = JdB 

r __ 


(5.6a) 

(5.6b) 


We can actually find the dependence of the 
magnetic field on the distance R withdut 
knowing the integral in Eq. (5.6b) ' 

Since R is the only scale of length in 
the problem, the running length / edn be 
expressed in terms of it, by writing I as 
(l/R)R = xR Now X IS dimensionless, and 
varies from —oo to -t-c» as I varies from —oo 
to +00 Thus Eq. (5 6b) for B can be rewrit¬ 
ten as follows" 


= ^IRk [ 
4?r 7 - 

= f 


_R 

R^ 




{! + («’} 


213/2 


di 


C. (l + x 2 )=‘^' 


(5.7) 


The integral^ 


oo (1 -h i 3 ) 3/3 

is a number Even if we do not know its 
value, from Eq. (5.7) we see that the mag¬ 
netic field at a point P due to an infinite (very 
long) straight wire carrying a current I is pro¬ 
portional to I, and IS inversely proportional 
to the perpendicular distance R of the point 
from the wire It is in a direction perpendicu¬ 
lar to the wire and the radius vector AP. See 
Figs. (5.4, 5.5) The integral J has a value of 
2 , so that 


T, Ro I 


k 


(5 8) 


We notice the following features of the mag¬ 
netic field B. 

(a) It IS proportional to the current I 

(b) It IS inversely proportional to the distance 
R 

(c) Its Size IS rather small, e.g. for a size¬ 
able current such as one ampere, at a small 
distance of 1mm from the wire carrying cur¬ 
rent, the field has a value (2 x 10~^/10“3)T 
= 2 X 10“‘'T, comparable to the earth’s mag¬ 
netic field which is of order lO^'T. 

(d) The magnetic field is in a direction per¬ 
pendicular to both the straight wire and the 
vector AP (Figs. 5 4 and 5 5) 

To get a picture of the field direction, imag¬ 
ine a plane which is perpendicular to the 
straight wire and passes through the point P 
where the field is to be measured (see Fig 
5 6). Consider a circle of radius R (= |AP|) 
drawn in this plane, with the wire as cen¬ 
tre Clearly, the magnitude of the field is the 
same at all points on the perimeter of this 
wire, since they are all at the same distance 
R from the straight wire. Further, the field 
direction at any point on the circle is tan¬ 
gential to it Thus the lines of constant 
magnetic field B form concentric circles. 
This is illustrated in Fig 5.6, and is also 
clear from symmetry. The spacing between 
circle.s becomes larger, the smaller the mag¬ 
netic field. This indicates the decrease m the 
size of B as distance increases. The direction 
of B 13 easily remembered with the help of the 
right hand rule which goes as follows. Imag¬ 
ine grasping the conductor in your right hand 



dx 
(t -t- 




con be calculated as follows, Make the substitution 
X = tanO, Then ds = aePffdff, and (1 + x^) = eePS 
Further, the liuuts -oo and +oo for x become -(ir/2) 
and -l-(?r/2) for ff, Thun the integral becomes 


/ +k/2 2 r+^/l 

= / cosdde 

,/2 ® J -./2 


sinfi t:p=i- 


/2 

1) = 2. 


^The integral 
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With the thumb along the current in the con¬ 
ductor Then the other fingers curve in the 
direction of B with the finger tips pointing 
along B (Fig. 5 7) The above result (E<q 
(5 8)) IS for an ‘infinitely long’ wire Such a 
thing lb an idealization 'which does not exist. 
For a long straight wire of length L, at a dis¬ 
tance R .small compared to L, Eq (5 8) for B 
1.S accurate, corrections being of relative order 

{RiLf 

Finally, there is a great difference between 
the field lines of E due to electric charges (Fig 
1 0) and the field lines of B due to a straight 
current eg. Fig. 5.6. The former either 
‘originate’ in or ‘end’ at charges. But B 
lines start and end at the same point, al¬ 
ways forming closed loops (circular loops 
in the pre.sent case) This is just another ex¬ 
pression of the fact that there are no sources of 
magnetic fields analogous to electric charges 
as sources of electric fields 


dl 



Figure G.8: A circular current-carrying loop of 
radius fi. We are interested in the magnetic field 
at the point P a distance R away from the centre 
O of the loop, on its axis A small element at A 
produces a field along PQ and of equal length at 
A' produces a field along PQ' The net field due to 
this pair and similar pairs i.s along OP 


5.2.3 Magnetic field duo to a circular 
current loop 


The second case for which we will calculate 
the magnetic field is a circular loop carrying 
a current I (Fig. 5.8),'' 

We calculate the magnetic field B along the 
axis of the circular current loop of radius a, 
1 c along a line perpendicular to the plane of 
the loop, and passing through its centre. In 
Fig. 5 8, the point P is one such, and is on 
the axis OP which passes through the centre 
O of the circular loop The distance OP is R. 
To begin with we consider the field dB due to 
a small element dl of the circle, centred at A 
The field has, from Eq, (5.2), the magnitude 



Idl 

lAPp 


po Idl 
4ir {R^ + o") 


(5.9) 


since the angle between the circular element 
dl and the distance vector AP is 90° so that 
sin 0 = sin 90° = 1. (The line element is per¬ 
pendicular to the plane of the paper and is 


■'In fact, there are wires leading the current in and out 
of the loop [f these leads are close together, the net Reid 
due to them is zero, since they carry equal currents in 
exactly opposite directions 


coming out of it, and AP is in the plane of the 
paper, so these two are perpendicular.) The 
field is in a direction PQ perpendicular to the 
vector AP as well as to dl, this being shown 
in the figure (Fig 5 8) This field can be 
resolved into two components, one along the 
axis OP, and the other (PS) perpendicular to 
it. The latter component is exactly cancelled 
by the perpendicular component (PS') of the 
field due to a current element of the same size, 
radially opposite and centred at A' (see Fig, 
5 8) Thus we concentrate on the surviving 
component along OP. This has a magnitude 


dB 


(along OP) — 


/iQ Idl 
Att IP + a? 
po Idl 


{sini^} 


47r IP + a2 (i?2 -p 
Po la. 


4?: (i?^ -f a'^yP 


dl. (5.10) 


We notice that the field is just proportional 
to the length of the circular current element 
and does not depend on where this element is. 
Thus the field along OP due to the entire cir 
cular wire of total perimeter 27 ra is obtaine 
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by replacing dl of Eq (5.8) by 27ra, namely 
fiQ I a 


B = 


B = 


(R2 + a2)J/2 

IIP ■ 

2 


27rai 


(5 11) 


In Eq. (5,11), i IS a unit vector along OP, 
the X axis. Since, as discussed above, this is 
the only surviving component of the field, Eq. 
(5,11) describes completely the magnetic field 
due to the circular current loop of radius a at a 
point which is a distance R away, and is on its 
axis (i e, on a line perpendicular to the plane 
of the circle and passing through its centre). 
The direction of the field is as shown. On the 
other side of the loop at any point on the axis, 
the direction of B is the same. At di.stances 
R large compared to a we can approximate 
+ by R^, and the field B then has 

the magnitude 




(2/)(7ta'^) 

R3 


B = 


Po 21A 


(5 12a) 

where A is the area of the circular current 
loop. The direction of the field is as indicated 
in (Fig 5 8) We shall see later that this form 
suggests an interesting analogy with the elec¬ 
tric field due to an electric dipole At the 
other extreme of distance, namely J? = 0, i e. 
at the centre of the loop the magnitude of the 
field is 


, (5W) 

which depends on loop radius a in the same 
way as the magnetic field of a straight long 
wire depends on the distance R from it 


5.3 Forces on currents and the 
Lorentz force 

5.3.1 Force laws 

Current carrying conductors exert forces on 
each other The dependence of this force on 
currents, on the shape and size of the con¬ 
ductors as well as on their distance was first 
determined for special cases by Ampere in the 


period 1820-25. This force can be dc.scnbcd 
in terms of a magnetic field, ]usl ,i.s the force 
on a charge due to another can be described 
in terms of the electric field at the former due 
to the latter We describe this force law be¬ 
low, then illustrate it by a simple example, 
and finally show that it implies a fundamen¬ 
tal law for force on a moving charge This 
last realization is due to the Dutch physicist 
II A Lorentz 

Suppose the magnetic field at a particu¬ 
lar point IS B. The force on a small current- 
carrying wire dl situated at that point is found 
to be 

dF = 7dl X B (5 14) 

where / is the electric current passing through 
the .small conducting segment This is the 
magnetic analogue of the electric force law 
F = qE We notice that the force is pro¬ 
portional to /, dl and B and is perpendicular 
to both dl and B The force law (Eq. (5 14)) 
IS illustrated in Fig, 5 9a A well known way 
of remembering the directions of the vectors 
involved is Fleming’s left hand rule Stretch 
out the central finger, /orefinger and thumb 
of the left hand to be mutually perpendicular 
Then the first is along the current, the second 
along the field, and the third along the mo¬ 
tion (or the force). The rule is illustrated in 
Fig. 5 9b 

Clearly, if the field B is due to another 
current element, e.g Eq. (5.1), the force 
can be expressed entirely m terms of current 
elements and distances between them The 
general force law looks complicated and will 
not be mentioned here. We consider a spe¬ 
cial case, namely two parallel short wires of 
lengths dl] and dl 2 (dl] is parallel to dl 2 ) If 
they are a distance r 2 i apart (i.e., the vector 
r 2 i = (r 2 — T])), and carry currents R and R, 
it follows from Eq (5.14) that 

dFz = Ahdh^ = -dFi 

47r IrjiP 

(5.15) 

The forces on the two current elements are 
equal and opposite, and for R and R of same 
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Figure 5.9: (a) Force dF on a small cur¬ 

rent-carrying element dl, carrying an electric cur¬ 
rent 1 The current-carrying element is in the mag¬ 
netic field B shown (b) Fleming’s left hand rule 


sign, are attractive. They are repulsive if the 
currents are in opposite directions For two 
very long, straight, parallel conductors car¬ 
rying currents and I 2 (Fig. 5.10), and again 
a distance rji apart, the force per unit length 
on wire 2 due to wire 1 is 

The force on a length I is given by 


po I1I2I . 

M'- 


(5,17) 


Actually, Eqs (5.15) and (5.16) are the fun¬ 
damental relations which directly relate the 
mutual forces on current-carrying conductors 
to electrical currents and distances. They 
are similar to the Coulomb law of forces be¬ 
tween electrical charges. The fundamental 
SI electrical unit, the ampere, is defined by 
Eq. (5.16). Namely, “the ampere is that 
steady current which, flowing in two infinitely 
long straight parallel conductors of negligi¬ 
ble cross-sectional area placed 1 m apart in 
a vacuum, causes each "wire to exert a force 
of 2 X 10“^ N on each metre of the other 
wire". This definition assigns a definite value 
47r X 10“^ N/A^ to po, the constant of propor¬ 
tionality between the currents and the force. 
Suppose we write 



Figure 6.10: Two long parallel wires apart, 
carrying currents J, and I 2 m the same direction, 
The magnetic field B, at wire 2 due to wire 1, and 
the consequent force Fj on the former, are shown, 

F 2 = k-^l (5.18) 

where R is the distance between two parallel 
straight conducting wires carrying currents ij 
and I 2 , and I is the length of the wire 2 on 
which the force is being measured For sim¬ 
plicity, assume Ii = I 2 = I. If Ji! = 1 = 1 m, 
and F 2 = k = po/27r = 2 x 10“^ N, the cur¬ 
rent 1=1 ampere. The ampere also defines 
the Coulomb as ampere second Further, the 
coefficient of proportionality eo appearing m 
Eqs (1 3) and (1 7) has the exact value (po/c®) 
where c is the velocity of light (see Appendix 

D) 


E 2 tMiH]»Ile SpI t What Is the force on a wire 
of length 4 0 cm placed inside a solenoid 
near its centre, making an angle of 60° with 
Its axis? The wire carries a current of 18 A 
and the magnetic field due to the solenoid 
has a magnitude of 0 8B T. 

Answer 1 The force on a conductor of length 
I placed in a magnetic field of magnitude B, 
and carrying current 1 , is given by 

F = IIB sin a 

where a is the angle the conductor makes with 
the direction of B. Since the field due to a 
solenoid near its centre is along its axis, here 
a = 60°. Therefore, 

E = 12 X 0.04 X 0 25sin60°.^ O.ION. 
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The direction of force on the wire can be 
ascertained using Fleming’s left hand rule. 
(Aote' This only represents the magnetic 
force on the wire. The wire, of course, is sub¬ 
ject to the force of gravity.) 


Example 5.S i Two straight wires A end B 
of lengths 10 m and 12 m carrying currents 
of i.O A and GOA, respectively, In opposite 
directions lie parallel to each other at a dis¬ 
tance of 3 0 cm. Estimate the force on a 15 
cm section of the wire B near its centre. 

Ausweri Since the ratio of length of the 
wires to the separation between them is large 
(more than 300), one can estimate approxi¬ 
mately the force on a section of either of the 
two wires (near their centres) by using the ex¬ 
act result for force per unit length for two in¬ 
finitely long wires carrying currents J] and I 2 

F _ Ho hh 

I 2ir R ' 

where F/l is the force per unit length on either 
wire. Now, po = dvr x 10~^NA“^i J\ — 4.0 A, 
I 2 = 6.0 A, = 0 03 m. Therefore 

F 2 X 10-^ X 4,0 X 6.0^^ _i 

I 0 03 

= 1,6 X 10“‘‘Nm~’. 

Force on a 15 cm section of wire B (near its 
centre) is. 

F = 1,6 X 10-* X 0.15N = 2.4 x lO'^N 

Since the currents are in opposite direc¬ 
tional the force is repulsive; its direction is 
normal to the wire away from A. 


★ There Is a simple way of understanding how 
a current-carrying conductor placed in a uniform 
magnetic field (Fig 5,11a) experiences a force 
A long straight wire carrying a current produces a 
magnetic field symmetrically around itself as has 
been shown in Fig 5 11b The wire does not ex¬ 
perience any force due to its own magnetic field 
However, when the current-carrying conductor is 


(a) 






Figure 6.11: Force on a straight current-carrying 
conductor m a uniform magnetic field (a) Uniform 
field, (b) Field lines for atrai^t conductor com¬ 
ing out of the paper, (c) Resultant field when the 
straight conductor is placed in the uniform field, 
I e , vector sum of (a) and (b) 
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placed in the magnetic tield (Fig 5 11 a), this sym¬ 
metry is disturbed as shown in Fig 5 11g This 
figure shows the resulting magnetic field lines 
Adding the uniform field (Fig 5 11a) and the field 




Figure S.12: Force between two long straight 
wires each carrying a current 1. Resultant mag¬ 
netic field lines when the currents are in the same 
direction (a), and when they are in the opposite 
directions (b) 

due to a straight wire (Fig 5 11b) we see, as 
shown in Fig 5 11c that these two are in the 
same direction in the lower half of the figure, and 
in the opposite direction in the upper halt of the 
figure At the point P shown, the two exactly can¬ 
cel To find out the direction in which the straight 
wire moves, we use a result, not proved by us, 
that in a magnetic field B, the magnetic energy 
density (i e , magnetic energy per unit volume) is 
(poB*/2), A similar result for the electric field E 
has been derived in chapter 2 (Eq (2.85)) This 
result IS true even it E or B are not uniform but 
vary in space Now consider Fig 5 11c For any 
given radial distance from the wire, the size of 
magnetic field is smaller on the upper half of the 


figure than on the lower half (the two fields tend 
to add in the lower half, they tend to substract in 
the upper half) Thus the magnetic energy den¬ 
sity IS larger in the lower halt than in the upper 
hall, lor any given radial distance Thus the force, 
directed Irom higher to lower energy density di¬ 
rection IS as shown A similar argument can be 
used to show that two parallel current carrying 
conductors attract if the currents flow in the same 
direction, and repel if currents How in the oppo¬ 
site direction The total magnetic field (sum of that 
due to each conductor) is shown in Fig 5 12a 
for the parallel current case, and in Fig 512b for 
the antiparallel current case In the former case, 
the magnetic field vanishes at the point A which 
lies midway between the wires, the magnetic field 
energy density is the least there, and therefore 
mutual force on either wire tends to push them 
towards A When the currents are antiparallel, the 
magnetic field energy density is largest at A, so 
that both the conductors tend to move away from 
this region. They repel each other Indeed the ac¬ 
tual force can be calculated as the (negative o1) 
the gradient of the magnetic field energy ★ 


5.3.2 Lorentz Force 

An electrical current is just the drift of elec¬ 
trical charges with a certain (drift) velocity. 
So if there are forces on currents placed in a 
magnetic field, this clearly means that there 
are forces on electrical charges moving in a 
magnetic field (There is obviously no force 
on an electrical charge at rest in a magnetic 
field.) This unusual basic fact, which under¬ 
lies the observed forces on currents, was first 
clearly recognized by the Dutch physicist Hen¬ 
drik Antoon Lorentz nearly a century ago. 
We deduce the force law now from the known 
force on a current element (Eq. (5.14)) and 
the relation derived earlier in Chapter 3 (Eq 
(3.11)) connecting an electrical current to the 
drift velocity of charges carrying it. 

If charges (each of charge q) drift in the 
conductor with a speed v, the current 1 is 

I = nqAv (5.19) 
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from Eq. (3 11). Here A is the cross-sectional 
area of the conductor and there are n charges 
per unit volume. If the current is carried by 
electrons, as happens most often, the charge 
q is just the electric charge e on an electron, 
and the actual direction of drift of electrons is 
opposite to that of the current, i e u is nega¬ 
tive if I IS positive Suppose the current flowa 
in a straight conductor 1 placed in a uniform 
magnetic field B From Eq (5.19), we have 

/|11 = 71 = [nAl] qv (5.20) 

The quantity in square brackets above is just 
the number N of charges in the length I, since 
its volume is |A/1 and the number density of 
charges is n We thus have 

71 = Nq\ (5.21) 

where Nq is the total charge in the line ele¬ 
ment and this charge has drift velocity v 

The force equation Eq (5 Id) can be then 
rewritten as 

Fw = /(I X B) = Nqy X B (5.22) 

where Nq is the total electrical charge in 
the current-carrying conductor, drifting with 
velocity v This fundamental force on an elec¬ 
tric charge q moving with velocity v in a mag¬ 
netic field B is called the magnetic Lorentz 
force after its discoverer The total force (of¬ 
ten called Lorentz force) on a charge q moving 
with velocity v in an electric field E and mag¬ 
netic field B is 

F = g(E + vxB). (5.23) 

The magnetic Lorentz force is perpendicu¬ 
lar to both the velocity v (or the direction of 
motion) and the magnetic field B. Because of 
the former fact, it does no work, at least for 
a steady magnetic field Some effects of the 
Lorentz force are discussed in Section 5.6. 

5.3.3 Relative sizes of magnetic and 
electrical forces 

It is interesting to compare electric and mag¬ 
netic forces under similar conditions. /The 
magnitude of the force between charges gi and 
52, a distance ri 2 apart is given by 




<?I 92 1 

dvreo |ri2P ’ 


(5 24) 


The magnetic force between two parallel cur¬ 
rent elements dl] and dL carrying currents Ii 
and 72 , the same distance r ]2 apart has a mag¬ 
nitude 


/ip 'i h |dli| |dl2| 
drr |ri2P 


(5 25) 


In or^'-r to compare this with the electri¬ 
cal or Coulomb force (Eq (5 24)), we should 
clearly require the currents I\ and I 2 to be 
due to the same amounts of electric charges 
as cause the Coulomb force We have just 
seen (Eq (5 21 )) that if the charges qi and 
52 drift with speeds V] and U 2 , 7i|dlil = qiv\ 
and 72 |dl 2 | = 52 U 2 . Thus the magnetic force 
can be rewritten as 


En 


gi q2 
47r |r]2P 


U] V2 


(5 26) 


so that the ratio of magnetic and electrical 
forces IS 


= (f'oCo) (di V 2 ) 


(5 27) 


Since this ratio should be dimensionless, we 
expect (pofo) to have dimensions of v~‘^ where 
u IS a velocity We shall argue later, m the 
chapter on electromagnetic waves (Chapter 9) 
that (//offl) is the speed c of electromag¬ 
netic waves in vacuum. Light is an electro¬ 
magnetic wave, and so we are saying that c 
is the speed of light, which is approximately 
3 X lO® m/s (In SI units c is defined to be 
2 9979245 x 10® m/s, the unit of length being 
defined in terms of this ) We thus have 


En ^ «1 V2 
Ee ■” c2 


(5 28) 


Now typically, electron drift velocities in 
metals are of order 10 “'’ m/s (e g. in a cop¬ 
per wire of 2 X 10“® m radius carrying a large 
current of \ A, vj cz. lO'® m/s) so that under 
such fairly typical conditions magnetic forces 
are much weaker, by many orders of magni¬ 
tude. 

One might then wonder as to why magnetic 
forces are ever observed at all, and are not to¬ 
tally overwhelmed by electrical forces There 
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are two reasons. Matter is electrically neu¬ 
tral to a very high degree of accuracy. Es¬ 
pecially in metallic conductors, no region can 
have a net positive or negative charge since 
free electrons (which carry the electrical cur¬ 
rent) nearly instantaneously move into or out 
of such a region to fully neutralize or screen 
the net charge in that region. Thus Coulomb 
forces are generally hardly in evidence, espc- 
cialiy between conductors. (A.S discussed in 
Chapter 1, conductors can have only surface 
charges. They can have bulk currents.) Elec¬ 
trical currents dp not disturb the neutrality of 
matter and are easily produced Secondly, in 
an electrical current, a large number of elec¬ 
trons are drifting together, so that the very 
small individual forces add up 

Finally, Eq. (5 28) suggests that for charges 
moving with speeds comparable to that of 
light, electrical and magnetic forces are com¬ 
parable. 

5.4 Amporo’s circuital law; 

The solenoid 

The basic Biot-Savart relation (Eq (5T)) 
between electric current and magnetic field 
was rephra,sed by Ampere This new relation, 
called Ampere’s circuital law, will be derived 
below from a special case, namely the field 
B due to a long straight conductor carrying 
current 


5.4.1 Ampere’s circuital law 

Consider a very long straight conductor car¬ 
rying an electric current I As shown in the 
Section 5 1, the field lines form concentric cir¬ 
cles with the wire as centre (Fig 5 6). The 
magnitude B of the magnetic field B any¬ 
where on (the perimeter of) such a circle of 
radius R is {hqI/2'kR), as derived in Eq. (5.8). 
Now, consider the quantity B(27ri?) This 
is B times the perimeter of the circle R. It 
has, for the present case, the numerical value 
{ftQll2TrR) X (27rE) = fiol This quantity is /iq 
times the current flowing through the plane of 
the circular disc of radius R. The Ampere cir¬ 
cuital theorem is a general statement of this 


relation For the case where B is (a) al¬ 
ways directed along the tangent to the 
perimeter of a closed curve, and (b) con¬ 
stant in magnitude all along the perime¬ 
ter with a value B, the Ampere circuital 
law states 


B X (perimeter of closed circuit) 


= Uo X 


/ total current passing \ 
through any surface 
of which the closed 
circuit is the 
y perimeter y 


(5,29) 


We shall see that this theorem is very useful 
in calculating B There is a more general form 
of Ampere’s circuital theorem, valid when nei¬ 
ther the condition (a) nor (b) above is satisfied 
for B We shall not discuss this general form 
here, but in a starred paragraph, show how 
Eq (5 29) can be extended in a particular 
case. We apply the law to one very important 
practical example,^narncly the magnetic field 
due to a solenoid (toroidal or straight) 

One question which naturally occurs is. Is 
the Eq (5 29), which connects magnetic field 
and current, independent of the Biot-Savart 
law which also connects these two quantities? 
Or do both Ampere’s circuital theorem and 
the Biot-Savart law express the same phys¬ 
ical consequences of electrical currents'^’ The 
answer is no to the former question and yes to 
the latter We can guess these answers from 
the fact that the Biot-Savart law based Eq. 
(5.8) for the magnetic field was used above 
to argue for Ampere’s circuital theorem (Eq. 
(5 29)) So, we have two different ways of de¬ 
scribing the magnetic effects of electrical cur¬ 
rents, just as in Chapters 1 and 2, we found 
that there are two ways of describing the elec¬ 
trical effects of electric charges, namely the 
Coulomb’s law and the Gauss’s theorem 


★ A simple generalization of Eq (6 29) for an ar¬ 
bitrary planar circuit around a straight wire, not Just 
a circular one as discussed above is as follows 
Consider amj planar closed circuit enclosing 
a straight current-carrying wire Divide the cir- 
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Figure 6.13: An arbitrary plane circuit, whose 
plane is perpendicular to a straight current carry¬ 
ing wire A, and which surrounds this wire The 
circuit IS divided into a large number of circular 
segments centred at A A few of these are shown 
One has radius r„ and subtends on angle i9„ 

cult into a large number of circular segments virith 
centre at A, and with different radii (Fig 5 13) 
Suppose the angle subtended at A by a particular 
segment is The contribution of this segment 
(of a circle of radius r„} to the circuit integral is 

(^~'j ■ 

(5.30) 

Thus the total circuit integral is /iq I since the sum 
of angles 9n around the closed planar circuit is 
271 Finally, we note that the loop need not be 
planar, the same kind of argument will go through 
even then ★ 


5.4.2 Toroidal and straight solenoids 

Toroidal solenoid (or toroid): We now 
apply Ampere’s circuital theorem to calcu¬ 
late the magnetic fields for two commonly 
used systems, namely toroidal and straight 
solenoids. 

A toroidal solenoid is a hollow circular ring 
with a targe number of turns of a wire carry¬ 
ing electric current wound around it. (see Fig. 
5 14) We are interested in the magnetic field 
B inside the toroidal solenoid. Consider any 
point P on the central circle of the toroid. It 
is clear from symmetry that the direction of 
the magnetic field is as shown, tangential lo 
the circle (The field lines form concentric cir¬ 
cles, as shown!) Suppose we form the circuit 




Figure 5.14: (a) A toroidal solenoid, the windings 
are as shown, (b) A section or rut of the toroid m 
the plane of the paper The current loops go out of 
the plane of the paper at the outer rim, and into the 
plane of the paper at the inner rim. An Amperian 
loop PQR of radius r centred at O is shown A 
current NI passes through the disc PQR No net 
current passes through the outer disc P' Q' R'. 



Figure 6.16: A solenoid It consists of a cur¬ 
rent-carrying wire wound m parallel circles on a 
hollow straight cylinder (not shown) 
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PQR (called an Ainpcrian loop). Since B has 
(again from symmetry) the same magnitude 
at all points on this circle, and is tangential 
to it, the circuit integral of B i.s B(2-irr) This 
must equal /iq times the current going through 
the disc enclosed by the circle PQR. (Shown 
by a dotted area in Fig. 5 14b). Suppose the 
total number of turns of wire winding round 
the toroid is N. Then the current enclosed is 
NI Since the mid-circumference of the to¬ 
roid is 27rr, and the number of turns N is ex¬ 
pected to be proportional to 27rr, we write 
N = 2wTn where n is the number of turns 
per unit length So, Ampere’s theorem tells 
us that 

B{2irr) = fioIN = yio/(27rrn) 

or 

B = fioln (5.31) 

The direction of B is as indicated. We see 
from Eq. (5 31) that B does not depend on 
the radius of the toroid, but only on the cur¬ 
rent / and the number n of turns per unit 
length By increasing these, a high magnetic 
field can be obtained. 

Interestingly, there is no magnetic field out¬ 
side the toroid, To see this, imagine a circle 
P' Q' R' outside the toroid but with the same 
centre O. The net current passing through this 
circular disc is zero, since a current NI passes 
in, and the same current passes out Thus, us¬ 
ing Ampere’s circuit law, the field B is zero. 

Straight solenoid (or solenoid) A straight 
solenoid (Fig 5 15) is also very common. In 
order to find the magnetic field B inside it, 
we can imagine it to be a piece of a toroidal 
solenoid of infinite radius. Since the magnetic 
field B of the latter does not depend on the 
radius, we have, from Eq. (5 31) that 

B = yioJn (5.32) 

where again I is the current flowing through 
the conducting wire with n turns per unit 
length. The direction of the field is along the 
axis of the solenoid, as shown in Figs, 5.15 
and 5 16 A straight solenoid is finite, it has 
ends Thus the expression Eq (5,32) for the 



Pigure 5.16' Magnetic held lines for a solenoid. 
The field IS strong and uniform at internal points 
such as P, but is relatively weak outside, eg at Q 

field can be expected to be correct far from 
the two ends, near the middle of the solenoid, 
and at points close to the axis As one moves 
away from the middle, the magnetic field de¬ 
creases. Fig. 5,16 shows the magnetic field 
lines for a solenoid We notice the relative uni¬ 
formity of the field inside, and its smallness 
outside. (The field liije spacing is inversely 
proportional to the size of the field B, namely 
if field lines are closely spaced the field is large 
and if they are far apart, the field is small) 
The region over which the field does not vary 
much is sizeable (centred around the middle of 
the solenoid) for a long and thin solenoid We 
do not estimate the field at a general point, 
but argue that exactly at cither end it is 

R l‘'onI 

Dond = —^ 

Imagine dividing a long solenoid into two 
equal halves. Consider the field at the centre 
of the plane common to the two halves, at the 
axial point The total field is the sum of those 
due to the two halves separately (i.e , calcu¬ 
lated as if the other half were not there). Now 
by symmetry, the two halves produce identi¬ 
cal fields, same in magnitude and along the 
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solenoid axis Thus the field due to each part 
IS half of /iqTi/, hence the result Eq (5 33). 

Solenoids and toroids arc used in transform¬ 
ers, windings of electromagnets, etc , as we 
shall see later. Clearly, the current carrying 
wire in a solenoid is to be surrounded by an 
insulating sheath, so that each turn carries 
the same, externally given current and the dif¬ 
ferent windings do not electrically touch each 
other. In many solenoids, to increase the mag¬ 
netic field B, a magnetic material such as iron 
IS introduced inside the cylindrical or toroidal 
region enclosed by the conductor windings. 
We shall see in Chapter 6 how this increases 
5 by a large factor. 


Example 5.3 1 A solenoid 50 cm long has 
4 layers of windings of 350 turns each. The 
radius of the lowest layer Is 1 4 cm if 
the current carried Is 6 0 A, estimate tae 
magnitude of B (a) near the centre of the 
solenoid on Its axis, and ofl its axis, (b) near 
Its ends on Its axis, and (c) for outside the 
solenoid near the middle, or point Q (Fig. 
616 ) 


Answer t The ratio of length to radius of 
the solenoid is quite large (about 35), There¬ 
fore to estimate B approximately, we can use 
the exact results for a closely wound infinitely 
long solenoid 

(a) At the centre or near it, from Eq. (5 .32) 


B = pon/ 


where n is the number of turns per unit 
length. Note, the radius of the wire does not 
enter this equation. Therefore, to get n, sim¬ 
ply multiply number of turns per layer by the 
number of layers and divide the product by 
the length of the solenoid 
350 X 4 


0,50 


= 2800m 


Now / = 6.0 A, and/io = 47rx 10 ^TmA ’, 
which gives B = 2.1 x 10“* T. 

Note’ This estimate of B is for both on 
and off the axis, since for an infinitely long 
solenoid, the internal field near the centre is 
uniform over the entire cross section 


(b) At the ends of the solenoid, from Eq. 
(5.33) 


2 


= 1 05 X lO-^T 


(c) The outside field near the middle of a long 
solenoid is negligible compared to the internal 


field 


5.5 Current loop, magnetic dipole 
moment, torque and 
galvanometer 

We now show that a closed loop of wire car¬ 
rying current has a magnetic dipole moment 
The magnetic field due to such a loop, and 
the torque acting on it when placed in a uni¬ 
form magnetic field, arc respectively identical 
in form with the electric field due to an elec¬ 
tric dipole and the torque on it in a uniform 
electric field (see Chapter 1 for the latter, for 
example Eq. (1 34)) The torque effect is 
used, among other things, in galvanomcteis, 
which are devices for measuring electric cur¬ 
rents (and voltages), and in motors 


5.5.1 Current loop and magnetic 
dipole 


Wc notice first that the magnetic field lines 
due to a solenoid (Fig 5 16) are very similar 
to those of a bar magnet (see for example Fig. 
6 .6) Now as you know, the bar magnet can be 
thought of as a ‘dipole’, i e,, the field lines re¬ 
semble very closely those of an electric dipole 
(Fig 1.17) We try to make this connection 
more precise by comparing the magnetic field 
due to a circular current loop at a distance R 
from it, and on its axis, with the electric field 
due to an electric dipole, at the same distance 
R along the dipole axis The former, from Eq. 
(5.12b)I is 

_ pq 21 a 

47r EJ ' 

The electric dipole field, from Eq (1.30), is 


47rfo 


(5.,35) 
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Comparing the two, we see that we can asso¬ 
ciate a magnetic dipole moment m with 
the circular current loop carrying a cur¬ 
rent I and of area A. The magnitude of 
m is 

|ml = I A. (5.36) 

Further, the direction of the magnetic 
dipole moment is perpendicular to the 
plane of the the loop. The magnetic dipole 
moment equation (5.36a) is often written in 
the vector form 

m = 7A (5.37) 

where A is a vector perpendicular to the plane 
of the loop, and has a magnitude A, i.e., equal 
to the area of the loop. If the current is di¬ 
rected along the four curved fingers of the 
right handj the magnetic moment is directed 
along the thumb sticking out We have proved 
the result (Eq. (5.36)) only for a circle but it 
is actually true for any planar current loop. 
(We present an argument below.) 


★ Ampere noticed, as early as 1820, that the 
magnetic field due to an electric current loop and 
that due to a bar magnet are sirhilar. He then 
made the bold guess that all magnetism is due 
to.current loops or circulating electrical currents, 
and that there need not be magnetic analogues 
of electrical charges, i e., magnetic north or south 
poles So in a magnet made o( iron, it is assumed 
that the magnetic dipole arises as the sum ot its 
magnetic dipole moments due to individual iron 
atoms In each iron atom, there is a circulat¬ 
ing electrical current which causes this magnetic 
dipole moment, l( such magnetic dipoles are all 
aligned parallel to each other, the piece of iron 
IS fully magnetized This speculation is basically 
correcti However, it turns out that in addit.on 
to atomic magnetic moments caused by orbital 
electron circulation or orbital angular momentum, 
there is also magnetic moment connected with in- 
fnnsic angular momentum ot the electron, called 
spin This magnetic moment is present even il the 
particle (say the electron or proton) has no orbital 
motion In the case of Iron metal, for example, the 
observed magnetic moment is almost entirely due 


to the intrinsic angular momentum of the unfilled 
d shell electrons 


5.5.2 Torque and magnetic dipole 

We how show that a closed current loop placed 
in a uniform magnetic field experiences a 
torque Comparing this with the torque ex¬ 
perienced by an electric dipole in a uniform 
electric field, we again show that a current 
loop is a magnetic dipole, of size given by Eq. 
(5 36). This torque effect is very important 
and is the basis of action of electric motors, 
as well as of galvanometers which are used to 
measure electric currents and voltages. 

Consider a rectangular loop of sides a and b, 
carrying a current 7, placed in a uniform mag¬ 
netic field B. The angle between the direction 
of B and the vector perpendicular to the plane 
of the loop is 0 (see Figs 5.17a and b). Clearly, 
the various parts of the rectangular loop ex¬ 
perience forces m the magnetic field, the size 
and direction being given by Eq (5.14). The 
elements PQ and RS experience forces in op¬ 
posite directions. They are colhnear and equal 
in magnitude, so the net force and torque due 
to these are zero. The force on SP is in the 
direction shown (Fig. 5.17b), it is equal in 
magnitude EUid opposite in sign to the force on 
QR. So the net force on the rectangular loop is 
zero. Since the forces are not along the same 
line, there is a net torque, whose magnitude 
and direction are easily calculated. The force 
on PS has, from Eq. (5.14), the magnitude 

F = IaB 

The 'lever arm’ of the torque is (6sin0) (see 
Fig. 5.17b), so that the torque has a magni¬ 
tude 

T = laBbsin 6 
= TAB smO 

= |m|Bsin0 (5.38) 

where we have used the definition (Eq. (5.37)) 
for the magnitude of the magnetic dipole mo¬ 
ment. The direction of the torque is such as 
to rotate the loop clockwise with the dotted 
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Figure 6.17: (a) A rectangular current-carrying loop PQRS of sides a and b, with the loop plane at an 
angl? 8 to the uniform magnetic field B in which it is placed 

(b) Top down view of the rectangular loop shown in Fig 5 17a The current element SP (current up and 
out of the plane of paper) and QR (opposite) are shown by a(») and a ® respectively The forces on them 
are shown, as is the effective magnetic moment m of the loop 


lineofFig. 5.17a as axis The torque t is fully 
defined by the equation 

T= m X B (5 39) 

where the magnetic moment is a vector per¬ 
pendicular to the plane of the rectangular 
loop, and of magnitude I A. Now Eq. (5.39) 
is identical in form with the torque on an elec¬ 
tric dipole p placed in a uniform electric field 
E (Eq, (1 33)), namely 

T=pxE, (5,40) 

If the rectangular loop has N turns each 
carrying current I, the torque increases N 
fold, and has a magnitude 

T = NIB A sin 6. (5.41) 

It can be shown that the expression (Eq, 
(5.39)) for the torque is correct for any pla¬ 
nar loop of area A (not necessarily a rectan¬ 
gle), in a uniform magnetic field with which 
its normal makes an angle 0. 


★ We can easily generalize Eqs (5 37) and (5 38) 
to plane current loops of arbitrary shape. The ar¬ 
gument is simple Consider a general loop (Fig 
518) This can be divided into a large number 
of rectangular loops through each of which the 
same current I circulates, without introducing 
any new currents (Fig. 5 18) There is no net 


force or torque from 'internal' line currents such 
as CD since on each such line the current flows in 
one direction as part of one rectangle (eg , FECD) 
and in the opposite direction as part of the ad|a- 
cent rectangle (eg , DCj^B) So this construction 

A B 



Figure 6.18: A general planar loop carrying a 
current I imagined to be split up into a large num¬ 
ber of parallel rectangular loops, some of which 
are shown Two of them are shown expanded on 
the left, so that the oppositely directed current el¬ 
ements are clearly seen 

does not change either the torque on the loop, 
or the current How However, we can now cal¬ 
culate the torque as being the sum of those on 
the rectangular strips These all point in the same 
direction, their magnitudes are proportional to the 
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areas of the rectangles. The magnitude of total 
torque IS then proportional to the total area of the 
loop, and has the form Eq (5 39) with m = / A, 
even though the loop is not rectangular, ★ 


Example i A circular coil of 25 turns 
and radius 6 0 cm, carrying a current of 10 
A, is suspended vertically in a uniform rtiag- 
netlc field of magnitude 1 2 T The field lines 
run horizontally in the plane of the coll Cal¬ 
culate the forte and torque on the coil due to 
the magnetic field. In which direction should 
a balancing torque be applied to prevent the 
coll from turning? (see figure) 



Aaiswer t The net force on the coil in a uni¬ 
form magnetic field is zero To see this, con¬ 
sider any element dl of the wire The force on 
this element is Jdl xB. For each element dl, 
there is another length element on the closed 
loop given by - dl. Since B is uniform, the 
forces cancel for each pair of such elements, 
and the net force on the coil is zero 

The torque t on a plane loop of any shape 
carrying a current / in a magnetic field B is 
given by Eqs (5.36) and (5,38), i.e., 

T= lAn X B 

where n vs a unit vector normal to the plane of 
the loop (direction of motion of a right-handed 
screw rotating in the sense of the current). 
For a circular coil of radius R and N turns, 
A = NirR?. Prom the figure, n is normal 
to the plane of the paper, coming out of it. 


’The angle between n and B is thus 90°. The 
magnitude of t is then given by 

It] = TAB sin a 
= 10 X 1 2 sin 90“ 
x25 X 7r(0.06)2N m 
= 3.4 N m, 

The direction of r is vertically upwards, 
with its turning effect as shown by the thick 
curved line at the top of the figure. To pre¬ 
vent the coil from turning, a balancing torque 
■F = —T must be applied. 



magnetic field 

Figure 5.19: The rudiments of a galvanometer 
Depending on the external circuit, this device can 
be wired up as either a voltmeter or on ammeter 

5.5.3 Galvanometer 

The torque on a current loop in a uniform 
magnetic field is used to measure electrical 
currents. This current measuring device is 
called a (moving coil) galvanometer. The 
phrase ‘moving coil’ is used because the cur¬ 
rent loop or coil rotates (moves) m a magnetic 
field, as a result of the torque on it. 

The galvanometer consists of a coil of wire, 
often rectangular, carrying the current to be 
measured. There are generally many turns in 
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the coil to increase its sensitivity The coil is 
placed in a magnetic field such that the lines 
of B remain nearly parallel to the plane of the 
wire as it turns (Fig. 5.19). This is achieved 
by having a soft iron cylinder placed at the 
centre of the coil. Magnetic field lines tend 
to pass through the iron cylinder, producing 
the field configuration shown. The moving 
coil is hung from a spring, which winds up 
as the coil rotates; this winding up produces 
a restoring torque proportional to the winding 
up (or twisting) of the spring, i.e. to the an¬ 
gular deflection 4> of the coil. The coil comes 
to equilibrium when this restoring torque k 
balances the torque due to the magnetic field 
(Eq. (5 41)). Since by design, field lines are 
radial, we have sin 0 ~ 1, so that for equilib¬ 
rium 

k(j> = INBA (5.42a) 



Thus the deflection <f> of the galvanometer 
is proportional to the electric current I pass¬ 
ing through it. By proper design, currents as 
low as 10“^° to 10“^' A can be measured! We 
have seen in Chapter 3 (Section 3) how a gal¬ 
vanometer can be made into an ammeter or a 
voltmeter. 


Eumple 5^ l A moving coll meter has 
the following particulars. Number of turns, 
N = 24; area of the coll, A = 2.0 x 10“®m^; 
magnetic field strength, B = 0.20 T; resis¬ 
tance of the coU, R = 14 n. 

(a) Indicate a simple way to increase the 
current sensitivity of the meter by 85% (It 
is not easy to change A or B). 

(b) If In so doing, the resistance of the coil 
increases to 81 fl, Is the voltage sensitivity 
of the modified meter greater or less than 
the original meter? 

Answer: (a) Current sensitivity of a meter 
13 the deflection of the meter per unit current, 
i.e., 0/7, We have 
0 _ NAB 

I~ k ' 


where k is the torsion constant of the 
springs connected to the coil which provide 
the balancing torque (= A;0) to the torque 
{NABI) produced by the field on the current- 
carrying coil. Since it is easier to change N 
than k,A or B, the current sensitivity can be 
increased simply by increasing N To increase 
it by 25%, N should be increased from 24 to 
30. ' 

(b) Voltage sensitivity of a meter is analo¬ 
gously defined as the deflection of the meter 
per unit voltage, i.e , 0/V. We have 

0 _ 0 _ NAB 
V ~ RI~ kR 

Since k, A, B are the same for the two me¬ 
ters, we need compare only the ratio N/R. 
N/R — 24/14 = 1.7 (original meter) 

N/R — 30/21 = 14 (modified meter) 

Thus the new meter’s voltage sensitivity is 
less than that of the original meter By in¬ 
creasing the number of turns, it has gained in 
current sensitivity but lost m voltage sensitiv¬ 
ity. 

Note: In the example, while N increases by 
25%, R increases by 50% If we expect R 
to be proportional to iV, then it is clear that 
while current sensitivity of the meter can be 
increased by increasing N, voltage sensitiv¬ 
ity will remain practically constant, as long 
as other parameters {k,A and B) remain un¬ 
changed). 


5.6 Moving charges in magnetic and 
electric fields 

Forces acting on charges moving m magnetic 
and electric fields are used to deflect and fo¬ 
cus beams of electrons in many practical de¬ 
vices. Perhaps the most common (but rather 
complicated) example of this is the TV tube. 
The image on the face of the tube is due 
to a beam of electrons hitting a coating of 
a material called phosphor which emits light 
on being struck. The beam of electrons is 
deflected in a very complex way by electric 
fields applied to parallel plates between which 
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the beam passes In this section, we describe 
some very simple examples of the effects elec¬ 
tric and magnetic fields have on moving char¬ 
ges The first two examples are just those 
of the motion of an electric charge in a uni¬ 
form magnetic field, and the last describes a 
moving charge in magnetic and electric fields. 
You will also encounter the example of an elec¬ 
tron moving in magnetic and electrical fields 
in Chapter 12 on electrons and photons. 

5.6.1 Moving charge in a magnetic 
field 

Consider a charge q moving in a uniform mag¬ 
netic field B. We can assume, perfectly gen¬ 
erally, that a coordinate axis, say the z axis, 
is along B. We axe interested in the path or 
trajectory of the charged particle Suppose 
its initial velocity is v (Fig. 5 20a) Since 
the magnetic Lorentz force is gv x B and B 
is along z, there is no force in the z direc¬ 
tion. The z component of momentum does 
not change, so we have 

Vx{t)=v,. (5,43) 

The magnetic field affects the x and y com¬ 
ponents of the velocity. The force on the 
charged particle is always perpendicular to 
its velocity (the force is in the xy plane). This 
has two consequences. Firstly, the force does 
no work, so the charged particle energy (here 
kinetic energy) does not change. Since the ki¬ 
netic energy is 

K E = y + vj + uy^) (5.44a) 

and is unchanged (Eq. (5 44b)), we have 
= vj,^ = v\ = constant, (5.44b) 

Now the magnitude of the magnetic Lorentz 
force IS 

F = q sinfl = g v±B (5.45) 

since vi (a vector in the xy plane) and B 
are perpendicular, Since |vxl is constant (Eq. 
(5 44b)), the Lorentz force has a constant 
magnitude and is always directed perpendic¬ 
ular to the velocity. As we know from our 
study of circular motion, such a force gives 



(a) 



Figure 6.20: (a) A charged particle in a magnetic 
field, its initial velocity v making an angle 3 with 
the field B directed along the z axis (b) The cir¬ 
cular orbit in the i, y plane The magnetic field 
comes out of the plane of the paper. The orbit is 
clockwise as shown for a positively charged parti¬ 
cle (c) A schematic picture of the helical orbit, for 
111 opposed to B. 
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rise to circular orbits From Newton’s second 
law, the centripetal acceleration 
produced by this force is given by 

ViW = {qv±Bfm) (5 46a) 


Answer* (a) The path of the electron is a 
circle of radius r given by 


mv 



or 

u = (qB/m) (5 46b) 

The charged particle thus executes a circular 
orbit in the xy plane (plane perpendicular to 
B) with constant angular frequency ui given 
by Eq (5.46b) (Fig. 5 20b) The frequency 
[qBlm) (called cyclotron frequency and given 
a special symbol uj^) is independent of the par¬ 
ticle’s velocity, depending only on its charge 
g, mass m, and on the magnetic field B. The 
circular orbit is described in a clockwise direc¬ 
tion in the xy plane if the particle has a pos¬ 
itive charge, and the magnetic field is along 
the positive z direction 

The radius r of this cyclotron orbit is easily 
calculated in terms of uj_, since 

r = (uj,/wc) = {mvifqB). (5.47) 

The particle moves in a circular orbit 
with angular frequency {qB/m) and radius 
(mv± jqB) in the xy plane while at the same 
time moving in the z direction with velocity 
Vz' Its orbit in space is thus a helix, of ra¬ 
dius r = iv±/wc) and pitch p = (vz/w^) (Fig. 
5.20c) The cyclotron frequency of an electron 
in small magnetic fields is in th^ ultrahigh ra¬ 
dio frequency or microwave range. For exam¬ 
ple, for B = O.OIT, V = w/27r ~ 2 8 x 10® 
Hz. 


Example 5.6 i In a chamber a uniform 
magnetic field of 8 0 G (IG = 10“^T) is 
maintained An electron with a speed of 4.0 
xlO® ms“' enters the chamber In a direction 
normal to the field 

(a) Describe the path of the electron 

(b) What Is the frequency of revolution of 
the electron? 

(c) What happens to the path of the 
electron If it progressively loses Its en¬ 
ergy due to collisions with the atoms 
or molecules of the environment? 


For the electron m = 9,1 x 10“^^kg, e = 

1.6 X 10-i®C. 

Therefore, 


9 1 X 10“®’ X 4 0 X 10® 

“ 1 6 X 10-19 X 8.0 X 10-1 “ 2'8cm 


The sense of rotation of the electron in its 
orbit can be ascertained from the direction of 
the centripetal force, F = —e(v x B) Thus 
if B is along the z axis, the electron revolves 
counter clockwise 


(b) The frequency of revolution of the electron 
in its circular orbit is 


V 


V eB 


2tTT 277771 

1.6 X 10-’9 X 8.0 X 10-1 
277 X 9.1 X 10-9’ 


= 22MHz, 


(c) Due to collisions with the atomic consti¬ 
tuents of the environrhent, the electron loses 
its speed progressively If the velocity vec¬ 
tor of the electron after collisions remains in 
the plane of the initial circular orbit, the ra¬ 
dius of the circular orbit will decrease in pro¬ 
portion to the decreasing speed. However, in 
general, the velocity of the electron will not 
remain in the plane of the initial orbit after 
collision. In that case, the component of ve¬ 
locity normal to B will determine the radius 
of the orbit while the component of velocity 
parallel to B remains constant. Thus the path 
of the electron between two collisions is, in 
general, helical. Notice, however, the im¬ 
portant fact; the frequency of orbital 
revolution remains the same, whatever 
be the speed of the electron. 


5.6.2 The cyclotron 

The cyclotron is a device used largely in the 
past sixty or so years to accelerate charged 
particles to high energies, using the fact that 



180 


PHYSICS 


Deflector 



Figure 5.21: The elements of a cyclotron, show¬ 
ing the ion source S and the dees. A uniform mag¬ 
netic field emerges from the plane of the figure 
The circulating protons spiral outward within the 
hollow dees, gaining energy every time they cross 
the gap between them 

the frequency of cyclotron motion is indepen¬ 
dent of the particle velocity (or more precisely, 
momentum). 

The cyclotron consists of two evacuated, 
semicircular, hollow, flat metal D shaped ob¬ 
jects (naturally called dees). They are open 
on their straight edges The dees form part 
of an electrical oscillator which establishes an 
alternating potential difference across the gap 
between the dees (see Fig, 5.21). The dees 
are in a uniform magnetic field perpendicular 
to their flat planes (i.e. perpendicular to the 
plane of the paper in Fig 5 21). Charged 
particles (e.g, protons) are injected into the 
dees near the centre, and start off on a circu¬ 
lar orbit in one of the dees. When they reach 
the spacejsetween the dees after completing a 
semicircle they are accelerated by the electric 
field there (if the voltage has the right sign). 
They complete a semicircle In the other dee 
in a time t = (w/wc), and if they reach the 
space between the dees just as the voltage be¬ 
tween them changes sign relative to its value 
during their previous arrival there, the par¬ 
ticles will be accelerated again. Thus, if the 
ac voltage has the cyclotron frequency (res¬ 
onance condition) the charged particles will 



Figure 6.22: The earth’s magnetic field show¬ 
ing spiralling, trapped protons and electrons The 
magnetic north and south poles of the earth are 
shown The figure is one of revolution about the 
N-S axis (magnetic north is close to geographic 
south) 

arrive between the dees exactly in time to be 
repeatedly accelerated, and gain energy. This 
energy gain does not affect the resonance con¬ 
dition, merely the orbit size (it increases with 
energy, see Eq. 5.47). The accelerated parti¬ 
cles reach the periphery of the dees, where the 
beam can be deflected out by a suitable mag¬ 
net. The accelerated or high energy charged 
particle beam can be used for many exper¬ 
iments, e g, nuclear collision reactions, ion 
implantation. For example, if the voltage be¬ 
tween the dees is 1000 V and a proton goes 
through the dees 10^ times, the energy gained 
is 2 X10® eV = 2 MeVI These devices as such 
are not in wide use now, but others based on 
the cyclotron resonance principle are. 

Cyclotron motion is not uncommon in na¬ 
ture Charges in the upper atmosphere, pro¬ 
duced by electrical discharges near the poles, 
or ejected by the sun, move in the way shown 
in the earth’s magnetic field (Fig. 5.22). We 
notice the circular motion perpendicular to 
the magnetic field lines^ and the change in the 
pitch as the field changes. 
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5.6.3 A solid in perpendicular electric 
and magnetic fields; the Hall 
effect 

When charges in a conductor move under 
mutually perpendicular electric and magnetic 
fields, a voltage is developed across leads 
which lie in a direction perpendicular to both. 
The situation is illustrated in Fig. 5 23. A 
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Figure 6.23: A conducting strip KLMN of width 
w carrying a current I, and placed in a uniform 
magnetic field B perpendicular to it (shown by 
dots). In equilibrium, the magnetic Lorentz force 
Fs 13 balanced by Fe due to the electric field set 
up by the charge separation shown (a) If electrons 
carry the current the side L is positive relative to N 
and Vl > Vff, (b) If carriers have positive charge, 
14 < , (c) Useful coordinate axes: the strip is in 

the xy plane and B is along the z axis. 

current I flows through a conducting strip 
KLMN in the direction shown, i e., along 
KM, because of an electric field or voltage 
applied in that diection. A uniform magnetic 
field B is applied perpendicular to the plane 
of the strip (as shown by the dots). Clearly 
this causes a magnetic Lorentz force on the 
moving charge carriers which are responsible 
for the electric current I. The direction of the 
Lorentz force Fb, is perpendicular to both B 


and the electric cunent (e g , Eq. 5 22) and 
is shown in Fig 5.23 Suppose electrons are 
the charge carriers. Under this force, they will 
move to the end N, so that this end is nega¬ 
tively charged relative to L (Fig 5 23a). Thus 
an electric field is set up along LN You can 
see that it is such as to oppose further charge 
motion. An equilibrium is reached when the 
force Fe on electrons due to this electric field 
balances the magnetic Lorentz force Fg. The 
final result is an electric field in the direction 
LN, there is a voltage difference between the 
ends L and N. This voltage Vf[, observed first 
by the American Scientist H E Hall in 1879, is 
called the Hall voltage, the phenomenon be¬ 
ing known as the Hall effect The direction of 
Ffi implies that the electric field is along LN 
so that Vl > Vb, (Fig 5 23a). This is often 
found to be the case However, in many sys¬ 
tems, eg., the elements beryllium, cadmium 
and tungsten, it is found that the Hall voltage 
has the opposite sign, i.e , Vi < Vn, (see Fig. 
5.23b) This unexpected anomaly in the sign 
of the Hall voltage is understood and involves 
the motion of holes, which have a charge op¬ 
posite to that of electrons They are the cur¬ 
rent carriers in many metals and semiconduc¬ 
tors. 

The size of the Hall voltage depends on the 
drift velocity of the carriers m the direction 
KM, and on the magnetic field. For a given 
current I, the drift velocity depends inversely 
on the density n of carriers (number of carriers 
per unit volume). This follows from the dis¬ 
cussion of the Ohm's law in chapter 3, in par¬ 
ticular Eq (3 12) Thus we have the impor¬ 
tant result that the Hall voltage is inversely 
proportional to carrier density This result 
is used to measure the density (number den¬ 
sity) of charge carriers. The Hall effect is thus 
very useful in experimentally determining the 
basic electrical characteristics of metals and 
semiconductors, namely current carrier type 
and carrier density 


it We analyze in detail the experimental arrange¬ 
ment discussed above, and show exactly how the 
Hall voltage can be related to the current I, the 
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carrier density n, and the charge 5 of a carrier We 
first find the megnetic force Fb on each drifting 
charge carrier, equate it to Fc and thus find the 
electric field along LN, or the voltage difference 
(Vl - Vn) 

We have seen in section 3 3 4 that the current 
density 3 or current per unit area is given by the 
relation 

j = (I/A) = nqvd (5 48) 

where n is the density of carriers of charge g 
drifting with speed Vd A is the cross sectional 
area niii of the strip with width ui and thickness 
d We thus have 


Vd = {I/nqA) . (5 49) 


The direction of vd is shown in Fig 5 23a for 
electrons carrying the current Since the magnetic 
field B IS perpendicular to it, the magnetic Lorentz 
force Is along LN, as shown (for either sign of 
the cfiarge) and has a magnitude 


qVdB = 


qlB 

nqA 


IB 

nA 


(5.50) 


This force causes the charges in the conductor 
to move along LN, and accumulate at the ends 
If they are not connected from the outside, This 
accumulation clearly produces an electric field Eh 
opposing further charge motion. Equilibrium is 
attained when the two forces balance There is no 
further charge motion and Eh does not increase 


This happens when 


Fe = qEn = Fb = 

(5 51) 

/ IB \ 

(5 52) 


Since this field is across a distance w, 
difference between L and N is 

the voltage 

Vh = (Vl - Vfj) = ~Ehw 


/Iw\ /BN 

(5 53) 

II 

1 

The ratio (Vh/I) the Hall voltage Vh to the 
electric current I is naturally called the Hall resis¬ 
tance. The ratio of the Hall electric field Eh to the 


current density j = (I/A) is called the resistivity 
PH The Hall resistance Is 




The Hall resistivity pn is 


_ Eh __ — V/r/m _ B 
“ J " (I/A) ~ nq 

The Hall resistivity per unit magnetic field, (pn/B) 
IS called the Hall coefficient, and is given the sym¬ 
bol Rh It has the value 



The Hall coefficient depends on the carrier density 
n, and on the charge q of the carrier Fig' 5 23a 
shows the forces, voltages and currents for the 
case that electrons are the carriers, 1 e, g = e 
If the current is carried by positively charged ob¬ 
jects, the corresponding physical quantities are 
as in Fig 5 23b 

The Hall effect is due to the magnetic Lorentz 
force on the charges drifting in a perpendicular 
electric field, and can be used to measure the 
number density and sign of the charge of current 
carriers in solids, For example, in a metal like 
copper, the current is most likely carried by unfilled 
outer shell electrons, of which there is one per Cu 
atom in copper metal Thus given the density ol 
copper, (nq) can be calculated and compared with 
that obtained from the Hall resistance of a copper 
strip The agreement is fairly good as it is tor some 
other metals In some substances, e g beryllium, 
cadmium and tungsten, the .sign of the Hall elfect 
suggests positive charge carriers But we know 
that say beryllium, has two electrons outside the 
closed shell Then why is the Hall voltage sign 
anomalous? The answer to this question involves 
the Idea of 'holes , mentioned also in Chapter 14 
of this book When the number density of carriers 
IS small, the Hall voltage or resistance is large 
This IS what happens for semiconductors such as 
Si or Ge In these substances (when pure), n 
depends exponentially on temperature, i e , 

n<x.exp(—Eg/kBT) (5 57) 

where Eg is known as the energy gap of the 
semiconductor. By measuring n as a function 
of temperature T in these systems, Eg can be 
determined The Hall effect is thus vei^ useful 
in understanding some properties of metals and 
semiconductors ★ 
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I , . . . III I ' - ■ Summary __ 

1 Oersted’s observation 'A magnetic needle brought close to a straight current-carrying 
wire aligns itself perpendicular to the wire, reversing the current reverses the direction of 
the needle 


2 Biot-Savart Law The magnetic field dB at a distance r from a current element of 
length dl carrying a current I is given by 



/dl X f 
- 5 —,r 


r 

r 


where i-ta/An is exactly 10”’ Tm A~', T denotes the SI unit of B (Tesla) The magnetic 
field B due to a general current distribution is obtained by superposing fields due to its 
elementary current elements 

(i) B due to a straight (infinitely) long wire carrying a current / It has magnitude 


B = 


2TrR 


where R is the perpendicular distance of the point from the wire Thus points of constant 
B form concentric circles with the wire ar centre The direction of B at any point on 
the circle is tangential to it, determined by the right-hand rule grasp the conductor in 
your right hand with the thumb up and along the current Then other fingers curve in 
the direction of B. 


The field lines of E due to electric charges begin or end at charges In contrast, field 
lines of B always form closed loops Thus there are no sources of magnetic fields which 
are analogous to electric charges, i e. there are no magnetic monopoles 


(ii) B due to a circular current loop of radius a 
R from the centre of loop, it has a magnitude 


B = 


For R'S> a, B 


2(R^ -t- 

po/a* noIA 
2R^ ” 2'kR? 


At a point on the axis at a distance 


where A = is the area of the loop 


At the centre of the loop. 


2a 

The direction of B at the centre (or a point on the axis) is the direction of motion of a 
right-handed screw rotated along the sense of the current in the loop 

3. Forces on Currents The force on a small current carrying element d\ carrying a 
current J in a magnetic field B is 

A 

F = Jdl xB 
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To remember the direction of F, use Fleming's left-hand rule Central finger along current 
forefinger along field and thumb of the left hand along motion (or force) 

For two parallel short wires of lengths dfi and dii a distance rji apart, carrying currents 
/) and I 2 respectively, the force on wire 2 is given by 


471 7-21 

where r 2 ] is a unit vector in the direction from 1 to 2 If /) and I 2 are in the same 
direction, the mutual force is attractive, if they are in opposite directions, it is repulsive 
For two very long straight parallel conductors a distance r )2 apart, carrying currents f, 
and I 2 , the force pre unit length on wire 2 due to wire 1 is 


I2 — — 


Ha T1/2 


27r jrail 


hi = -fi 


The last relation is used in the Si definition of the unit of current, ampere 

The total force (Lorentz force) on a charge q with velocity v in electric field E and 
magnetic field B is 


F = (7(E-hvxB) 

Since the magnetic force gv x B is normal to v, it does no work 

If we compare the electric force between charges and q 2 with the magnetic force 
Fm between the same amounts of charges with drift speeds -U) ahd V 2 , we find 

|Fm| _ 

|Fe| • 

Thus under typical conditions of u ~ 10*''’ m/s, magnetic forces are much weaker, We 
still observe magnetic forces between current carrying conductors, since electric forces 
are absent between them, matter being electrically neutral 

4, Ampere’s Circuital Law: If B is always directed along the tangent to the perimeter 
of a closed curve and is constant in magnitude all along the perimeter, 

B X perimeter of the dosed circuit 

= HqX total current passing through any surface with the closed circuit as its boundary, 

This IS the simple form of a more general result called Ampere's circuital Law, which is 
derived from the Biot-Savart Law, 

The field inside a toroidal solenoid can be obtained by using this law and symmetry 
B = Holn 

where / is the current in the windings and n is the number of turns per unit length The 
field lines form concentric circles. The magnetic field outside the space enclosed by the 
Windings IS zero 

For a straight solenoid, the field near the centre is given by the same formula as 
above B - /to/n 
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At either end Bend — Mon//2. Magnetic field lines due to a solenoid are similar to those 
of a bar magnet 

5 Any planar loop of area A carrying current 7 is associated with a magnetic dipole moment 
m whose magnitude is lA m is along the thumb sticking out 

A closed current loop placed in a uniform magnetic field B experiences a torque t given 
by 

T= m X B 

(which IS analogous to the formula for torque on an electric dipole in a uniform electric 
field E T = p X E.) If a rectangular loop carries current I and has area A and N turns, 

It] = NIAB sin 0 

where 0 is the angle between B and the normal to the plane of the loop. 

A moving coil galvanometer consists of a coil of wire of area A and n turns carrying the 
current I to be measured The coil is placed in a magnetic field so designed that B 
remains parallel to the plane of the coil as it turns (sm^ = 1). The coil is hung from a 
spring. In equilibrium, the restoring couple balances the torque due to B' 

k4> = NIAS 

where 4 > is the deflection of the coil and k is the torsion constant of the spring. 

6. A charge q of mass m moving in uniform B Along B, there is no force, so the 
velocity along B is unchanged In the plane normal to B, the particle executes a circular 
orbit of angular frequency w = qB/m The orbit of the particle in space is a helix Note 
that w IS independent of the particle's momentum. This fact is .used in the cyclotron, a 
device to accelerate charged particles to high energies. 

7 Hall effect' If a strip carrying current 7 is placed in a magnetic field B normal to 
the direction of current, a voltage Vh develops in the transverse direction (i.e., normal 
to B and current) The effect arises due to the magnetic force experienced by the 
moving charge earners in the strip In equilibrium, the magnetic force is balanced by the 
transverse electric field produced 

The sign of the Hall voltage Vh depends the sign of the charge of the charge carriers, 
and Its size inversely on the carrier density It can therefore be used to determine n and 
the sign of charge carriers in solids 


★ The Hall resistance is equal to 

Vh Bw 1 
7 A nq 

where w is the width of the strip, A is the cross-sectional area, n is the number density of earners 
each of charge q and B is the magnetic field 

The Hall effect can be used to determine n and the sign of charge carriers in solids in terms of 
the measured quantities Vh, 7, B, w and A ★ 
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Exercises 


5.1 State the Biot-Savart law for tlie 
magnetic field due to a current- 
carrying element Use this law to ob¬ 
tain a formula for magnetic field at 
the centre of a circular loop of radius 
a carrying a steady current / 

5.2 A circular coil of wire consisting of 
100 turns, each of radius 8 0 cm car¬ 
ries a current of 0 40A What is the 
magnitude of the magnetic field B at 
the centre of the coil? 

5.3 Give the formula tor the magnetic 
field produced by a straight infinitely 
long current-carrying wire Describe 
the lines of field B in this case. 

5.4 A long straight wire carries a current 
of .35A. What is the magnitude of the 
field B at a point 20 cm from the 
wire? 

5.5 A iong straight wire in the horizontal 
plane carries a current of 50A in north 
to south direction Give the magni¬ 
tude and direction of B at a point 2.5 
m east of the wire 

5.6 A horizontal overhead power line car- 
.ries a current of 90A in east to west 
direction. What is the magnitude and 
direction of the magnetic field due to 
the current 15m below the line? 


your arnswer change if the wire were 
bent into a semicircular arc of the 
same radius but in opposite way as 
shown in Fig. b? 



(b) 


5.8 What is the magnitude of magnetic 
force per unit length on a wire car¬ 
rying a current of 8A and making an 
angle of 30° with the direction of a 
uniform magnetic field of 0 15 T? 

5.9 A 3 0 cm wire carrying a current of 
lOA IS placed inside a solenoid per¬ 
pendicular to its axis The magnetic 
field inside the solenoid is given to be 
0 27 T What is the magnetic force on 
the wire'' 

5.10 Two long and,parallel straight wires 
A and B carrying currents of 8 OA and 
5.0A m the same direction are sepa¬ 
rated by a distance of 4 0 cm. Esti¬ 
mate the force on a 10 cm section of 
wire A. 

5.11 A closely wound solenoid 80 cm long 
has 5 layers of windings of 400 turns 
each. The diameter of the solenoid is 
1.8 cm. If the current carried is 8 OA, 
estimate the magnitude of B inside 
the solenoid near its centre 


5.7 A straight wire carrying a current of 
12 A is bent into a semicircular arc 
of radius 2.0 cm as shown in Fig a 
What is the direction and magnitude 
of B at the centre of the arc? Would 

(a) 


5.12 A square coil of side 10 cm consists of 
20 turns and carries a current of 12A. 
The coil is suspended vertically and 
the normal to the plane of the coil 
makes an angle of 30° with the direc¬ 
tion of a uniform horizontal magnetic 
field of magnitude 0.80 T What is the 
magnitude of torque experienced by 
the coiU 
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5.13 Two moving coil meters Mj and M 2 
have the following particulars. 

JZ] = ion, Ni = .30, 

Ai = 3.6 X 10-^m^ 5i = 0 25 T, 

B 2 = un, JV 2 = 42, 

A 2 = 1.8 X 10-Sn^ B 2 = 0 50T, 

(The spring constants are identical 
for the two meters). Determine the 
ratio of (a) current sensitivity and (b) 
voltage sensitivity of M 2 and Mj. 


X has 20 turns an'd carries a current 
of 16 A, coil y has 25 turns and car¬ 
ries a current of 18 A The sense of 
the current in X is anticlockwise, and 
in Y clockwise, for an observer look¬ 
ing at the coils facing west Give the 
magnitude and direction of the net 
magnetic field due to the coils at their 
centre. 


5.14 In a chamber a uniform magnetic field 
of 6.5G (IG = 10~'*T) is maintained. 
An electron is shot into the field with 
a speed of 4.8 x lO'^ms"^ normal to 
the field. Explain why the path of 
the electron is a circle Determine the 
radius of the circular orbit (e = 1 6 x 
lO-’^C, me = 9 1 X 10~3’kg). 

5.15 In 5 14 obtain the frequency of rev¬ 
olution of the electron in its circular 
orbit Does the answer depend on the 
speed of the electron^ Explain. 

5.16 (a) A circular coil of 30 turns and ra¬ 
dius 8.0 cm carrying a current of 6 OA 
IS suspended vertically in a uniform 
horizontal magnetic field of magni¬ 
tude 1 0 T. The field lines make an 
angle of 60° with the normal of the 
Coil Calculate the magnitude of the 
counter torque that must be applied 
to prevent the coil from turning. 

(b) Would your answer change if the 
circular coil in (a) were replaced by 
a planar coil of some irregular shape 
that encloses the same area? (All 
other particulais are also unaltered) 

Additional Exercises 


5.17 Two concentric circular coils X and Y 
of radii 16cm and 10 cm respectively 
lie in the same vertical plane contain¬ 
ing the north to south direction. Coil 


5.18 A magnetic field of 100 G (1 G 
_ ]^ 0 “‘'T) IS required which is uni¬ 
form in a region of linear dimension 
about 10 cm and area of cross sec¬ 
tion about 10“^m^. The maximum 
current-carrying capacity of a given 
coil of wire is 15A and the number 
of turns per unit length that can be 
wound round a core is at most 1000 
turns m~^ Suggest some appropriate 
design particulars of a solenoid for the 
required purpose. Assume the core is 
not ferromagnetic. 


5.19 For a circular coil of radius B and N 
turns carrying current 7, the magni¬ 
tude of the magnetic field at a point 
on Its axis at a distance x from its 
centre is given by 

2 


(a) Show that • this reduces to the 
familiar result for field at the centre 
of the cod. 


(b) Consider two parallel co-axial cir¬ 
cular coils of equal radius R, and 
number of turns N, carrying equal 
currents in the same direction, and 
separated by a distance R. Show that 
the field on the axis around the mid¬ 
point between the coils is uniform 
over d distance that is small com¬ 
pared to R, and is given by 


B 


= 0 72 


^taNI 

R 


approximately 
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[Such an arrangement to produce a 
nearly uniform magnetic field over a 
small region is known as Helmholtz 
coils 1 

5.20 A toroid has a core (non-ferromagne¬ 
tic) of inner radius 25cm and outer ra¬ 
dius 26 cm, around which 3500 turns 
of a wire are wound. If the current 
in the wire is 11 A, what is the mag¬ 
netic field (i) outside the toroid, (ii) 
inside the core of the toroid, an|d (in) 
in the epipty space surrounded by the 
toroid, 

5.21 Answer the following questions; 

(a) A magnetic field that vanes in 
magnitude from point to point but 
has a constant direction (east to west) 
is set up in a chamber A charged 
particle enters the chamber and trav¬ 
els undeflectcd along a straight path 
with constant speed. What can you 
say about the initial velocity of the 
particle'^ 

(b) A charged particle enters an envi¬ 
ronment of a strong and non-uniform 
magnetie field varying from point to 
point both in magnitude and direc¬ 
tion, and comes out of it following a 
complicated trajectory Would its fi¬ 
nal speed equal the initial speed if it 
suffered no collisions with the envi¬ 
ronment? 

(c) An electron travelling west to east 
enters a chamber having a uniform 
electrostatic field in north to south 
direction. Specify the direction in 
which a uniform magnetic field should 
be set up to prevent the electron from 
deflecting from its straight line path. 

5.22 Answer the following questions 

(a) A cloud chamber photograph 
shows a pair of circular tracks emerg¬ 
ing from a common point The tracks 


have similar density at droplets but 
curve in opposite directions in a plane 
normal to the magnetic field main¬ 
tained in the chamber If one of the 
ionizing particles is established to be 
an electron, guess the high energy 
event that took place at the common 
point of the tracks, 

(b) A similar event as in (a) pho¬ 
tographed in a liquid-hydrogen bub¬ 
ble chamber shows spiral tracks in¬ 
stead of circular tracks Explain why? 

(c) A flat copper strip carries cur¬ 
rent in the direction shown in the Fig, 

5 23 If a uniform magnetic field is set 
up normal to the plane of the strip in 
the direction shown, specify the po¬ 
larity of the Hall voltage set up across 
the strip. 

(d) If the’ polarity of Hall voltage in a 
material is opposite to that obtained 
for a copper strip, what conclusion 
can you draw? 

5.23 An electron emitted by a heated cath¬ 
ode and accelerated through a poten¬ 
tial difference of 2.0 kV, enters a re¬ 
gion with uniform magnetic field of 
0 15 T. Determine the trajectory of 
the electron if the field (a) is trans¬ 
verse to its initial velocity, (b) makes 
an angle of 30° with the initial veloc¬ 
ity. 

5.24 A cyclotron’s oscillator frequency is 
10 MHz. What should be the opera¬ 
ting magnetic field for accelerating 
protons'^ If the radius of its ‘dees’ 
is 60 cm, what is the kinetic ener¬ 
gy of the proton beam produced by 
the accelerator'^’ (e = 1 60 x 10”'^C, 
TTip = 1 67’t< 10“^'’ kg). Express your 
answer in units of MeV (1 MeV = 
1 602 xl0“’^J). 

5.25 A magnetic field set up using 
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Helmholtz coils is uniform in a small 
region and has a magnitude of 0.75 T. 
In the same region, a uniform elec¬ 
trostatic field IS maintained in a di¬ 
rection normal to the common axis of 
the coils. A narrow beam of (single- 
species) charged particles all acceler¬ 
ated through 15 kV enters this re 
gion in a direction perpendicular to 
both the axis of the coils and the 
electrostatic field If the beam re¬ 
mains undeflected when the electro¬ 
static field IS 9.0 X 10® V m~', make a 
simple guess as to what the beam con¬ 
tains. Why is the answer not unique'^ 

5.26 A straight horizontal conducting rod 
of length 0 45 m and mass 60 g is sus¬ 
pended by two vertical wires at its 
ends. A current of 5.0A is set up in 
the rod through the wires. 

(a) What magnetic field should be set 
up normal to the conductor in order 
that the tension in the wires is zero 

(b) What will be the total tension in 
the wires if the direction of current 
is reversed keeping the magnetic field 
same as before (Ignore the mass of 
the wires.) g = 9 8 ms“^ 

5.27 The wires which connect the battery 
of an automobile to its starting motor 
carry a current of 300A (for a short 
time) Wbat is the force per unit 
length between the wires if they are 
70cm long and 1.5cm apart? Is the 
force attractive or repulsive'^’ 

5.28 A uniform magnetic field of 1 5 T ex¬ 
ists in a cylindrical region of radius 
10.0 cm, its direction parallel to the 
axis along east to west. A wire carry¬ 
ing current of 7 OA in the north to 
south direction passes through this 
region. WTiat is the magnitude and 
direction of the force on the wire if 


(a) the wire intersects the axis, 

(b) the wire is turned from N-S to 
northeast-northwest direction, 

(c) the wire in the N-S direction is 
lowered from the axis by a distance 
of 6 0 cm? 

5.29 A uniform magnetic field of 3000 G 
13 established along the positive z- 
direction. A rectangular loop of sides 
10 cm and 5cm carries a current of 
12 A. What is the torque on the loop 
in the different cases shown m the 
figure? What is the force on each 
case? Which case corresponds to sta¬ 
ble equilibrium’ 
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5.30 A rectangular coil of sides 8cm and 
6 cm having 2000 turns and carrying 
a current of 200 mA is placed in a uni¬ 
form magnetic field of 0.2 T directed 
along the -|-ve i-ajcis. 

(a) What is the maximum torque the 
i^oil can experience? In which orienta¬ 
tion does it experience the maximum 
torque'^ 

(b) For which orientations of the coil 
is the torque zero^ When is this equi¬ 
librium stable and when is it unsta¬ 
ble? 

5.31 A rectangular coil of area 5.0 
xl0“‘'m^ and 60 turns is pivoted 
about one of its vertical sides The 
coil IS in a radial horizontal field of 
90 G (‘radial’ means the field lines are 
in the plane of the coil for any orien¬ 
tation) What is the torsional con¬ 
stant of the hairsprings connected to 
the coil if a current of 0 20 mA pro¬ 
duces an angular deflection of 18°. 

5.32 Given a uniform magnetic field of 
100 G in an east to west direction 
and a 44cm long wire with a current- 
carrying capacity of at most 10 A, 
what is the shape and orientation 
of the loop made of this wire which 
yields maximum turning effect on the 
loop? What is the magnitude of the 
maximum torque? 

5.33 A short conductor of length 5 0cm is 
placed parallel to a long conductor of 
length 15m near its centre The 
conductors carry currents 4 OA and 
3.0A respectively in the same direc¬ 
tion What is the total force expe¬ 
rienced by the long conductor when 
they are 3.0cm apart? 

5.34 On a smooth plane inclined at 30“ 
with the horizontal, a thin current¬ 


carrying metallic rod is placed par¬ 
allel to the'horizontal ground. The 
plane is located in a uniform magnetic 
field of 0.15 T in the vertical direc¬ 
tion For what value of current can 
the rod remain stationary? The mass 
per unit length of the rod is 0.30 kg 

5.35 A circular coil of 20 turns and radius 
10 cm is placed in a uniform magnetic 
field of 0 10 T normal to the plane of 
the coil If the current in the coil is 
5.0 A, what is the 

(a) total torque on the coil, 

(b) total force on the coil, 

(c) average force on each electron in 
the coil due to the magnetic held? 
(The coil is made of copper wire of 
cross-sectional area 10~‘’m^, and the 
free electron density in copper is given 
to be about 10^°m“^ ) 

5.36 A flat silver strip of width 1.5cm and 
thickness 1.5 mm carries a current 
of 150 A A magnetic field of 2.0 T 
IS applied perpendicular to the flat 
face of the strip. The voltage devel¬ 
oped across the width of the strip is 
measured to be 17.9 pV (Hall effect) 
Estimate the number density of free 
electrons in the metal. 

5.37 A solenoid 60cm long and of radius 
4 0cm has 3 layers of windings of 300 
turns each. A 2.0cm long wire of mass 
2.5 g lies inside the solenoid (near its 
centre) normal to its axis; both the 
wire and the axis of the solenoid are 
m the horizontal plane. The wire is 
connected through two leads parallel 
to the axis of the solenoid to an ex¬ 
ternal battery which supplies a cur¬ 
rent of 6.0A in the wire. What value 
of current (with appropriate sense of 
circulation) in the windings of the so- 
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lenoid can support the weight of the 
wire? g = 9 

5.38 Describe qualitatively the path of a 
charged particle moving in 

(a) a uniform electrostatic field, with 
initial velocity (i) parallel to the field, 
(ii) perpendicular to the field, (iii) at 
an arbitrary angle with the field di¬ 
rection; 

(b) a uniform magnetic field, with ini¬ 
tial velocity (i) parallel to the field, 
(ii) perpendicular to the field, (iii) at 
an arbitrary angle with the field di¬ 
rection; 

(c) a region with uniform electrostatic 
and magnetic fields parallel to each 
other, with initial velocity (i) paral¬ 
lel, (ii) perpendicular, (ill) at an ar¬ 
bitrary angle with the common direc¬ 
tion of the fields; 

5.39 (a) State Ampere’s law connecting 
the line integral of B over a closed 
path to the net current crossing the 
area bounded by the path 

(b) Use Ampere’s law to derive the 
formula for magnetic field due to an 
infinitely long straight current-carry¬ 
ing wire 

(c) Explain carefully why the same 
derivation as in (b) is not valid for 
magnetic field in a plane normal to 
a current-carrying straight wire of fi¬ 
nite length, and passing through the 
mid-point of the wire. 


5.40 (a) A current-carrying circular loop 
lies on a smooth horizontal plane. 
Can a uniform magnetic field be set ^ 
up in such a manner that the loop 
turns around itself (i.e turns about 
the vertical axis)? 

(b) A current-carrying circular loop 
is located in a uniform external mag¬ 
netic field. If the loop is free to turn, 
what is its orientation of stable equi¬ 
librium? Show that in this orienta¬ 
tion, the flux of the total field (exter¬ 
nal field -I- field produced by the loop) 
is maximum. 

(c) A loop of irregular shape carfying 
current is located in an external mag¬ 
netic field. If the wire is flexible, why 
does it change to a circular shape? 

(d) Is displacement current, like con¬ 
duction current, a source of magnetic 
field? 

5.41 A rectangular loop of sides 25cm 
and 10cm carrying current of 15A is 
placed with its longer side parallel to 
a long straight conductor 2.0cm apart 
carrying a current of 25A What is the 
net force on the loop'^ 
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Andr^ Mario Ampdrc (1775-1836) 

French physicist who founded and named 
the science of electrodynamics or eleclromag- 
netism, and for whom the unit of electric cur¬ 
rent is named, Within a week of hearing 
about Oersted's discovery he formulated the 
law of magnetic force between electric cur¬ 
rents, based on his own experiments He was 
the first to develop techniques for measuring 
the flow of electricity. He speculated that all 
magnetism is due to electrical currents 
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6.1 Introduction 

In the previous Chapter we learnt about the 
magnetic effects of electric currents. This 
and other connections between electricity and 
magnetism, as we saw, were discovered and 
understood only from the beginning of the 
nineteenth century. Long before this, how¬ 
ever, several electric and magnetic phenomena 
were known but were thought to be unrelated. 

In this Chapter we study this early know¬ 
ledge of magnetism. Apart from electric cur- 

, rents, the simplest sources of magnetic fields._ 

are permanent (bar) magnets. To some ex¬ 
tent we shall deal with magnets and mag¬ 
netic fields directly, without continually refer¬ 
ring to the fact that they are ultimately con¬ 
sequences of electric charges in motion. At 
suitable points, however, we will refer to the 
■material of the previous Chapter. Thus there 
will be some overlap between these two Chap¬ 
ters. 


We shall study the basic features of the 
magnetic field of a. bar magnet, emphasizing 
its dipole form. Then we look at the defini¬ 
tion of magnetic field, lines of force, magnetic 
flux and their units We compare the roles 
of point electric charges and magnetic dipoles 
as alternative test objects to explore a mag¬ 
netic fieId~The absence of isolated magnetic 
charges leads us to an analogue of Gauss’s 
Theorem in electrostatics. 

The most important features of the earth’s 
magnetic field, and then the magnetic proper- 
t ies o f djgfirentrmatenals, are taken up next. 
We conclude with a brief description of the 
tangent galvanometer, which is a modification 
of the moving coil galvanometer described in 
the previous Chapter. 

6.2 Field of a bar magnet - magnetic 
field lines - magnetic flux 

The simplest examples of magnetic effects are; 
(a) the property of a freely suspended or piv- 
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Fig^o 6.1: Pattern of iron filings near a bar mag¬ 
net 

oted magnetic compass needle, able to swing 
in a horizontal plane, to point appspximately 
along the geographical North-Soutli direction; 
(b) the characteristic pattern produced by 
iron filings sprinkled on a sheet of paper or 
on a glass pane held over a bar magnet, as 
shown in Fig 6 1. As described in the pre¬ 
vious Chapter, the similarity of this pattern 
to the electric field lines outside an electric 
dipole, indicated in Fig. 1.17, is striking. We 
have also learnt in Section 5.5 that a (small) 
planar current loop behaves just like a (small) 
magnetic dipole or bar magnet. Its magnetic 
moment, according to Eq. (5.37), is given by 
multiplying the loop area by the amount of 
current in the loop We note also the close 
similarity between the magnetic field lines due 
to a solenoid (Section 5.4.2 and Fig. 5 16), 
and the pattern of iron filings shown in Fig 
6.1. Since the iron filings point and concen¬ 
trate in the direction of the magnetic field, 
this means that the magnetic field due to a 
bar magnet and a solenoid have a similar pat¬ 
tern in space. 


★ We mentioned in Chapter 1 that knowledge 
about magnetic substances and effects goes back 
to ancient times Thales of Miletus, who knew 
about static electricity, was also aware of the ability 
of pieces of magnetite (an iron ore) to attract small 
pieces of iron The words "magnetite", "mag¬ 
netic" and "magnetism" all come from the name 
of the island of magnesia in Greece where this 
ore was found We also recalled that the Chinese 
were using magnetic compass needles for navi¬ 
gation almost a thousand years ago In fact the 
alternative name "lodestone” for magnetite means 
"leading stone" 

William Gilbert, in his book "De Magnate" in 
1600, suggested that the earth itself is a gaint 
magnet Its field Is roughly like that of a bar 
magnet Just as an electric field exerts a torque on 
an electric dipole, the earth's magnetic field exerts 
a torque on a freely hanging compass needle 
This makes the needle point roughly in the North 
- South direction tAt 


Permanent magnets: Permanent magnets 
are made of hard steel or special alloys One 
can make a magnet out of a steel rod by hold¬ 
ing it in the North - South direction and re¬ 
peatedly hammering it. Here we take advan¬ 
tage of the earth’s field. Once it becomes a 
magnet in this way, it retains this property 
unless healed to a high temperature. Another 
is to stroke the steel rod with one end of a bar 
magnet a large number of times, always in the 
same sense 

A more efficient way is to place the steel rod 
inside a solenoid and run a current. Then the 
magnetic field of the solenoid magnetizes the 
rod as well. 

The properties of soft iron, in contrast, are 
■quite different Filings (long thin pieces) of 
soft iron easily become magnets when placed 
in a magnetic field, for example near a perma¬ 
nent magnet (Conversely it requires a strong 
field to magnetize a steel rod). But when re¬ 
moved from the field, they lose their magneti¬ 
zation just as easily. It is a case of “easy come 
easy go" 






magnetism 


195 


The microscopic picture of the situation is 
this As we learnt in the previous Chapter, the 
ultimate sources of magnetism are the intrinsic 
magnetic moments of electrons due to their spin, 
and the moments caused by their motion within 
the atoms An unmagnetized steel rod contains 
many small "atomic" magnets, like so many com¬ 
pass needles Groups of these are alignecj par¬ 
allel to each other; each such group is called a 
domain (see section 6.4) Different domains are 
oriented in different direction Magnetising such 
a system means orienting the domains in more or 
less the same direction, making use of the torque 
on the atomic magnets exerted by the outside 
agency, e g , a solenoid or a permanent magnet 
The magnetization achieved in this way is then 
retained This change frqm the unmagnetised to 
the magnetised condition is depicted in Fig, 6.2 

★ 



Figure 6.2: Picture of a steel rod (a) before, (b) 
after, magnetization 

Magnetic field lines and flux: Suppose we 
have a magnetic field created by some electric 
currents and/or permanent magnets. What 


can we use as a test object to measure the 
field at different points in space? 

We might place a magnetic compass needle 
at various positions, and see how it orients it¬ 
self at each point. This tells us the direction of 
the field at different points in space. (This is 
like sprinkling iron filings on a sheet of paper 
over a bar magnet, as shown in Fig. 6.1). We 
can now construct magnetic field lines, ana¬ 
logous to electric lines of force. A magnetic 
field line is a (imaginary) line in apace, such 
that at each point on it the tangent is paral¬ 
lel to the magnetic field B there. Such lines 
were frequently mentioned in Chapter 5. As 
in the electric case, magnetic field lines crowd 
together where the field is strong, and thin 
out where it is weak. Fig. 5.12 shows some 
field lines due to a solenoid 

However this procedure gives us only the 
direction, and not the magnitude, of B at 
each point To get the complete vector B, we 
can proceed in this way We hold the compass 
needle in various directions at each point, and 
for each direction measure the torque exerted 
on it by the field. If the magnetic dipole mo¬ 
ment of the needle ip m, the torque is given 
by Eq. (5 36), namely, 

T=mxB (6.1) 

In this way we can in principle infer the direc¬ 
tion and magnitude of B. (When we allow the 
needle to freely align itself along B, the torque 
vanishes). The similarity in the behaviour of 
electric and magnetic dipoles in electric and 
magnetic fields respectively can be made use 
of to obtain an expression for the potential 
energy of a magnetic dipole in a given mag¬ 
netic field. We have seen in chapter 2 that 
the potential energy of an electric dipole of 
moment p at the point r in an electric field E 
is - p • E(r)| and that this is consistent with 
(cf Eq. 2.57) the fact that there is a torque 
p xE(r) on the dipole, as shown in Eq. (1.33) 
It then follows, by a strictly similar argument, 
that a (small) magnetic dipole of moment m 
situated at the point r in the field B has the 
potential energy - m • B: 

Potential energy of a small magnetic 
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dipole in a field B 

= —m ■ B (6 2) 

Just like the torque m x B, this too has the 
correct dimensions, namely the Joule. 


Euntple 0.11 A magnetic needle pivoted 
through Its centre of mass and free to ro¬ 
tate In a plane containing a uniform mag¬ 
netic field of lOOG Is displaced slightly from 
its stable equilibrium The frequency of Its 
angular oscillations of small amplitudes Is 
measured to be 1 5 s"' If the moment of 
Inertia of the needle about Its axis of ro¬ 
tation Is 0.7B X 10“®kgm^, determine the 
magnetic moment of the needle 

Answer i The frequency of small angular os¬ 
cillations of a magnetic needle about its stable 
equilibrium is given by 



(/ here is moment of inertia) 
from ■which we get 

m - ^ 

471^(1.5)2(0 75 X 10-®) 

10-2 

= 0.067Am2 = 0.067 JT-^ 


Example 6.S I A short bar magnet placed 
■with Its axis at 30° with a uniform exter¬ 
nal magnetic field of 0.16 T experiences a 
torque of magnitude 0.032 ,J. (a) Estimate 
the magnetic moment of the magnet (b) 
If the bar were free to rotate, which orien¬ 
tations would correspond to its (i) stable, 
and (U) unstable equilibrium? What Is Its 
potential energy In the field for cases (1) and 
(U)? 

Answer I (a) The torque on a magnetic 
dipole of magnetic moment m in an external 
field B is 


so that the magnitude of the torque is given 

by 

T = mB sin 9 

where 6 is the angle between m and B. Here 
T = 0.032J, B = 0 16T, 9 = 30°. Therefore, 
m = 0.032/(0.16 x 1/2) = 0.40 JT-'. The 
direction of m is from the south pole of the 
magnetic to its north pole 
(b) Potential energy of a magnetic dipole in 
an external field B is given by 

l7=-m B 

(i) The bar is in stable equilibrium when its 
magnetic moment m is parallel to B (6 = 0); 
its potential energy then is minimum: 

U = -mB = -0.40 X 0.16 = -0.064 J 

(li) The bar is in unstable equilibrium when 
m is antiparallel to B (0 = 180°); its potential 
energy then is maximuni: 

U = +mB = ■4-0.064 J 


Example 6.81 A closely wound solenoid 
of 1000 turns and area of cross-section 
2 0 X IQ-^m* carries a current of 2 0 A It Is 
placed with Its horizontal axis at 30° -with 
the direction of a uniform horizontal mag¬ 
netic field of 0.16 T, as shown. 

(a) What Is the torque experienced by the 
solenoid due to the field? 

(b) If the solenoid Is free to turn about the 
vertical direction, specify Its orientations of 
stable and unstable equilibrium What Is 
the amount of work needed to displace the 
solenoid from its stable orientation to Its 
unstable orientation? 

Ajisweri The magnitude of magnetic mo¬ 
ment of the solenoid is given by 

m = NIA. 

With the given values of N, I and A, 
m = 1000 X 2.0 X 2 0 X IQ-* = 0.40Am2 
= 0.40 JT-\ 


T= m X B 
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The direction of m is related to the sense 
of flow of current via the right-handed screw 
rule. In the figure, m is along the aocis of the 
solenoid in the direction PQ. (a) The solenoid 
behaves like a bar magnet of magnetic mo¬ 
ment 0.40 JT"\ with Its end P as south pole 
and end Q as north pole. (Thus it is equiva¬ 
lent to the bar magnet of example 6.2 which 
ms found to have m = 0.40 JT“'). The mag¬ 
nitude of torque experienced is 

T = mB ain0 

= 0 40 X 0 16 X 1/2 = 0.032 J 

(same as in example 6.2). The direction of t 
is vertically downwards; its turning effect will 
be to bring the axis along the N-S direction 
of the external field. 

(b) Like for a bar magnet, the stable ori¬ 
entation of the solenoid corresponds to m 
parallel to B, the unstable orientation cor¬ 
responds to m antiparallel to B. In the for¬ 
mer case PQ is aligned with N-S direction 
with P facing N and Q facing S. In the lat¬ 
ter (unstable) case, QP is aligned with N-S 
direction; now Q faces N and P faces S. The 
potential energy for the stable orientation is 
-mB = —0.40x0.16 = —0.064J; while for the 
unstable orientation it is +mB — -1-0.064J 
The amount of work needed to displace the 
solenoid from its stable to unstable orienta¬ 
tion = -t-0.064 - (-0.064) = +0.128J. 


Another way is suggested by the Lorentz 
force laws, Eqs (5.21, 5.22). A moving point 
charge q feels a force due to any electric field 
E present, as well eis a force due to any mag¬ 
netic field B. The former acts whether the 
charge is at rest or is moving; the latter acts 
only when it is moving Thus we can imagine 


AS B 



AOig = B.AS 


Figure 6.3: Magnetic flux through small area el¬ 
ement 

“firing" the point charge q with various veloc¬ 
ities V through a given point in space, and see 
whether it feels any “side ways" force having 
the form gv x B. If it does, then we can find 
B at that point 

Thus the situation with magnetism is some¬ 
what more complicated than that in the elec¬ 
tric case For electric fields the simplest 
sources, as well as test objects, are point 
charges. In magnetic fields the simplest 
sources, as well as test objects, are magnetic 
dipoles or electric charges in motion (equiv¬ 
alently an electric current element). As we 
learnt in Chapter 5, Section 5, a (small) 
closed planar current loop is a (small) mag¬ 
netic dipole. 

Magnetic flux is defined in a similar way to 
electric flux in Chapter 2. A simple find qual¬ 
itative definition is in terms of field lines, the 
magnetic flux through any (open or closed) 
surface S is just the number of magnetic field 
lines cutting S 

To improve the definition, consider first 
a small area element AS around a point P 
where the field is B. The magnetic flux A$b 
through AS is defined as 

magnetic flux through 
small area element AS 

= B ■ AS. (6.3) 

This is shown in Fig. 6.3. The similarity to 
the electric case, Eq. (2.1) and Fig. 2.2, is 
clear. For a finite (open or closed) surface S, 
we have to divide it into many small elements 
AS, calculate the individual fluxes, and add 
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f total magnetic flux 
I through surface S 

E 

all area 
elements aS 

^ B AS (6.4) 

all area 
elements aS 

Dimensions and SI units'. The SI unit for 
magnetic field was introduced in Section 5 2 
it IS the tesla, written as T Magnetic flux has 
dimensions of field times area Its SI unit is 
the weber, written Wb; 

= [magnetic field] x (metre)^ 

= tesla X (metre)^. 

= weber ; 

1 Wb = 1 T m^ 1 T = 1 Wb/m^ (6 5) 

So the magnetic field can also be expressed in 
webers per square metre 


them up 
= 


if An older unit for magnetic field is the gauss 
It IS related to the tesla by 

1 T= 10 '* gauss. , (6 6 ) 

It IS a convenient unit to describe the earth's mag¬ 
netic field, which Is typically a fraction of a gauss 
In different text books, various names are used 
lor the magnetic field B 'magnetic induction', 
'magnetic induction field', 'magnetic flux density' 
For simplicity we have used the name 'magnetic 
field', and realise that it means the same as mag¬ 
netic flux density * 

In addition to Eqs {6 5) above, there are simple 
connections among the ampere, the tesla, the we- 
ber, and mechanical units (This has been men¬ 
tioned at Eq. (5 15)) Leaving aside the coulomb 
(which IS ampere second), we have the relations. 


1 tesla 


1 weber 
- 1 ampere 


1 newton/ampere metre 
1 |oule/ampere (metre)** 

SI unit of magnetic field B; 

1 ]oule/ampere 

SI unit of magnetic flux $ 3 , 

1 joule/weber 
1 joule/tesla (metre)** 

SI unit of current (6 7) 


★ 


Absence of individual magnetic charges' 
The two ends of a compass needle (or a per¬ 
manent magnet) are called the north (N) and 
south (S) poles. When the needle is freely 
suspended about its centre, the former points 
towards the earth's geographic north pole, 
the latter towards the geographic south pole 
Thus magnetic north (and south) poles are 
geographically north seeking (and south seek¬ 
ing) poles 

Prom early studies using thin long magnets, 
so that one could see how individual poles 
affect one another, it was known that two 
Tike poles (two N or two S poles) repel each 
other, while two unlike poles (an N and an S 
pole) attract each other This is similar to 
the electric coulomb forces between electric 
charges (Foi historical reasons we speak of 
"North" and "South" magnetic poles instead 
of positive and negative magnetic charges). 
Using Gilbert’s picture of the earth as a giant 
magnet, this means that the earth’s magnetic 
south pole is near its geographic north pole, 
and vice versa 

Some idea of the dependence of magnetic 
forces on the distance between the poles 
was also known Working again with long 
thin magnets, it was found (by Coulomb) 
that these forces obey an inverse square law. 
(These studies were carried out well before 
the discoveries of Oersted, Biot and Savart, 
and Ampere, linking magnetism to electric 
currents) This would suggest that, as with 
electric charges, there are two types of mag¬ 
netic charges, say N and S types And the 
force law would be similar to Coulomb’s elec¬ 
trostatic law. 

However (as stressed in Section 5 2) all ef¬ 
forts to find single magnetic charges, or to 
isolate the poles of a magnet from one an¬ 
other, have failed. In fact, breaking a long 
bar magnet into two pieces just produces two 
new magnets’ additional N and S poles ap¬ 
pear, so each piece has one N and one S pole 
-- This IS shown in Fig 6 4. 
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Figure 6.4: Breaking a bat magnet produces two 
new magnets 


•if We can appreciate the absence of separate N 
and S poles in this way We picture a small atomic 
magnet as a tiny current loop, a macroscopic 
magnet is a collection of many of them more or 
less uniformly aligned For an atomic magnet, 
we define that face of the current loop whose 
outward normal points .towards the head of the 
magnetic moment vector m as the N pole (or N 
face) The other face of the loop, towards the 
tail ol m, IS the S pole (or S face) Now given a 
small planar current loop, it clearly is impossible 
to physically separate its two faces' This is the 
ultimate reason why magnets are dipoles which 
cannot be separated into single magnetic poles 
Still, purely for convenience we may imag¬ 
ine that in every magnet there are two artificial 
"poles" of equal and opposite strengths, then 
the dipole moment is the product of pole strength 
and distance of separation This is literally true, 
of course, for electric dipoles ★ 


The inverse square law dependence of mag¬ 
netic forces among fictitious magnetic charges 
was mentioned above In electrostatics, 
Coulomb’s inverse square law of force led to 
Gauss’s Theorem. Therefore in magnetism 
too we have a corresponding Gauss’s Theo¬ 
rem The difference is that there are no single 
magnetic charges This leads to the result) 
Gauss's Theorem in magnetism: The to¬ 
tal magnetic flux $3 through any closed 
surface S is always exactly zero. 

In terms of magnetic field lines, there are 
as many lines entering S as leaving it, as illus- 
l;rated in Fig 6 5. 


A 



Figure 6.5; Illustrating Gauss’s Theorem m mag¬ 
netism 


Figure 6.6: Field iraes for a bar magnet 

We learnt in Section 1.7 that electric lines 
of force begin and end on electric charges 
(or at infinity), and are otherwise continuous 
The absence of individual magnetic charges, 
expressed above in Gauss’s Theorem, means 
that magnetic field lines never end they are 
always closed continuous loops. For the 
case of a solenoid this is seen in Fig 5.12. 
We show in Fig. 6 6 the field lines for a bar 
ma^et- here too they are closed loops pass¬ 
ing right through the magnet' 

This discussion reinforces the observation 
that the simplest magnetic object is a mag¬ 
netic dipole, in contrast to individual point 
electric charges. It is directly realised as a 
small planar current loop characterised by a 
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moment whose dimensions (according to Eq. 
(5.34)) are' 

[m] = dimensions of magnetic moment 
= ampere (metre)* 

= joule/tesla. (6.8) 

6.3 Magnetic Held of the earth 
The earth’s magnetic field is approotimately 
like that of a giant magnetic dipole. Its axis, 
howe'ver, does not coincide with the earth’s 
axis of rotation, which determines the geo¬ 
graphic North and South poles, Ng and Sg, 
and the geographic equator. The angle bet¬ 
ween the two axes is about 20°. An approxi¬ 
mate picture of the magnetic field lines around 
the earth, showing the difference between ge¬ 
ographic and magnetic axes and some other 
features described later, is given in Fig 6 7. 
The strength of this field is typically a frac¬ 
tion of 10~‘‘T, that IS, a fraction of a gauss 
For example, at Delhi it is 0.35 gauss 

The points where the magnetic axis cuts 
the earth’s surface are called magnetic poles. 
The great circle on the earth’s surface, per¬ 
pendicular to this axis, is the magnetic equa¬ 
tor It passes near Trivandrum in South In¬ 
dia The magnetic equator divides the earth’s 
surface into two (magnetic) hemispheres. As 
Fig. 6.7 shows, the field lines come out of the 
magnetic hemisphere containing Sg, and go 
into the one containing Ng 

The North (seeking) pole of a freely sus¬ 
pended magnetic compass needle points apv- 
proximately towards Ng. Therefore it is ap¬ 
propriate to call the magnetic pole near Ng 
the South magnetic pole, Sm. Then the one 
near ^g is the JVorth magnetic pole, Nm- 
These have been marked in Fig. 6.7. At 
present Sm is located at a point in Northern 
Canada, longitude 96°W and latitude 70 5°N 
Therefore Nm is at the diametrically opposite 
point, 84°E 70 5°S (In these and several later 
statements we ignore departures from a per¬ 
fect dipole field). The longitudes of Sm and 
Nm imply that the geographic and magnetic 
equators intersect at two points with longi¬ 
tudes 6°W, 174°E respectively. 


it Here are some interesting additional remarks 
The earth's field is more or less what would have 
been produced by a giant fictitious bar magnet 
located deep inside the earth In actual fact, how¬ 
ever, It IS believed that the source of the field is 
not any large solid mass of magnetic material. 
Rather, it seems to be an electric current of molten 
charged metallic fluid inside the earth’s core This 
core has a radius of about 3500 km, compared 
to the earth's radius of 6400 km 

One of the most spectacular effects caused by 
the earth's field can be seen in the arctic regions, 
near the magnetic poles Sm and Nm- It is unfor¬ 
tunately not visible in India It is called the “aurora 
borealis" or "northern lights" in the north, and “au¬ 
rora australis" in the south The aurora consists of 
enormous patterns of coloured lights, in the shape 
of giant curtains or flowing sarees, high up in the 
atmosphere Streams of charged particles com¬ 
ing from the sun - electrons and protons making 
up the so called solar wind - get trapped above 
the atmosphere near the two magnetic poles. On 
their way down they strike the molecules in the 
atmosphere, which in turn give out the light seen 
in the aurora 

The approximate dipole form of the earth's field 
lasts to a distance of almost five times the earth's 
radius, that is, about 32,000 km Beyond this, the 
solar wind severely disturbs the dipole pattern. 
One can say that by then we are not alone' -Ar 


Local features of earth’s field - magnetic 
meridian, declination, dip angle. At any 
point P on the earth’s surface we can geo¬ 
graphically determine the following: the ver¬ 
tical axis or uf>-down direction; the horizon¬ 
tal plane, perpendicular to the vertical axis, 
and the geographic meridian plane, which is 
a plane containing the vertical axis and the 
meridian of longitude (north-south direction) 
through P. At the poles Ng Eind Sg, the merid¬ 
ian plane is undefined. 

The magnetic field B at P similarly de¬ 
termines certain directions and planes there. 
The magnetic meridian is the vertical plane 
containing B and the vertical axis at P. The 
magnetic declination is the angle between 
the magnetic and geographic meridian planes 
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at P We can define declination also in another 
way Express B as the resultant (vector sum) 
of a horizontal component (lying in the hori¬ 
zontal plane) and a vertical component (along 
the vertical axis) Then the declination is the 
angle between the horizontal component of B 
and the north-south direction. 

Suppose we set up a compass needle at P 
free to rotate in the horizontal plane, about 
the vertical axis. Then it will come to rest 
pointing along the horizontal component of B. 
The angle it then makes with the north-south 
direction is the declination 

Both magnetic meridian and declination are 
defined at all points except the magnetic poles 
Sin and Nm- At Sm, B points vertically 
downwards, while at Nm it points verticeJly 
upwards. _ 

Now the vector B at P will generally not 
he in the horizontal plane. The dip angle at 
P IS the angle between B and its horizontal 
component, that is, between B and the hori¬ 
zontal plane It tells us by how much B goes 
down below (or comes up out of) the horizon¬ 
tal plane. To measure it we use a dip cir¬ 
cle This is a compass needle pivoted about 
a horizontal axis perpendicular to the mag¬ 
netic meridian, so the needle can move freely 
in that plane. (This means we must first de¬ 
termine the declination, then set up the dip 
circle). Ultimately it will come to rest point¬ 
ing along B, The angle it then makes with 
the horizontal plane is the dip angle 

The earth’s field is quite irregular, and-not 
as smooth as in the idealized Fig. 6 7 So 
the meridian, declination and dip vary irregu¬ 
larly from place to place, and also change with 
time. On the magnetic equator, the field B is 
horizontal, so the dip angle is zero At Sm 
and Nm it is 90° as B is vertical downwards 
and upwards respectively At Delhi, the dec¬ 
lination is about 0°15'E and the dip angle is 
about 42° (below the horizontal). 

The magnetic meridian, declination and dip 
angle are illustrated in Fig 6,8. 

Time variations of the earth’s field' In ad¬ 
dition to changing irregularly from place to 


place, the earth’s field also changes with time, 
This happens both in the short and in the 
long term. Thus in the short term the poles 
Sm and Nm keep shifting their positions, De¬ 
tailed charts of the direction and strength of 
the field over the earth’s surface have been 
made, but they have to be revised every thirty 
years or so. 

Apart from this, geological studies of rocks 
have shown that major changes take place 
over hundreds of thousands of years. These 
are geological time scales Thus at irregular 
intervals the direction of the earth’s field has 
even reversed itselfl This happens once in 
10^ to 10® years These reversals mean that 
once in a long while the electric currents deep 
in the earth’s core slow down, come to a halt, 
then pick up in the opposite direction! 


Example 6.4 1 A magnetic needle free to 
rotate about the vertical direction (compass) 
point 3 5° west of the geographic north An¬ 
other mognetic needle free to rotate In a ver¬ 
tical plane parallel to the magnetic meridian 
has Its north tip pointing down at 18° with 
the horizontal. The magnitude of the hor¬ 
izontal component of the earth’s magnetic 
field at the place Is known to be 0 40 G 
What Is the direction and magnitude of the 
earth’s magnetic field at the place? 

Ansireri The first observation (magnetic 
declination) specifies the vertical plane con¬ 
taining the magnetic field direction (magnetic 
meridian). The magnetic meridian at the 
place makes an angle of 3.5° with the geo¬ 
graphic meridian towards the west In the 
magnetic meridian, if 6 is the angle B makes 
with the horizontal component B', (this angle 
is called the angle of dip or inclination) 

cos 6 = -5- or B = B'sec 8 
H 

= 0.40secl8° 

= 0.42G. 

Thus B has a magnitude of 0 42G, and makes 
an angle of 18° with the horizontal direc¬ 
tion (in the magnetic meridian) towards the 
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Example 6.5 1 A short bar magnet is 
plated In a horizontal plane with Its axis 
In the niagnetlt meridian. Null points are 
found on Its equatorial line (1 e , its normal 
bisector) at 12 St m from the t entre of the 
magnet. The earth’s magnetic field at the 
place l8 0 38 G, and the angle of dip Is zero 
(a) What is the total magnetic field at points 
on the axis of the magnet located at the same 
distance (12.5cm) ns the null-points from the 
centre? (b) Locate the null-points when the 
bar Is turned around by 180° Assume that 
the length of tlie magnet Is negligible com- 
.-pared to the distance of the null-points from 
the centre of the magnet. 



Answer t (a) Prom figure (a) it is clear that 
null-points are obtained on the normal bisec¬ 
tor when the.,magnet’s north and south poles 
face magnetic north and south respectively 
Now, magnetic field on the normal bisector at 
a distance r from the centre is given by 


(Jo^m 


( 1 ) 


provided r is much greater than the length of 
the magnet. (Formula strictly true only for a 
point dipole ) 

At a null-point this field is balanced by the 
earth’s field That is 


HI 

47r r'’ 


0 38 


( 2 ) 


(Since the dip angle is zero, the horizontal 
component of the earth’s field equals the field 
itself) 

Next, magnetic field due to a magnet on 
its axis at points di.stant r from the centre is 


given by 


R - — 

27r 


( 3 ) 


provided r is much greater tjhan the length of 
the magnet (Formula strictly true only for a 
point dipole) From figure (a) it is clear that 
on the axis this field adds up to the earth’s 
field 

Thus the total field at a point on the axis 
has a magnitude equal to 




(4) 


and direction along m (which is parallel to the 
earth’s field in case (a)) 

Thus for the same distance on the axis as 
the distance of the null-point, the total field, 
using Ekjs (2) and (4) is 

(0.76 -b 0 38)G = 1 14 G directed along m 

(Note, we did not require the given value 
of 12.5 cm for the null-point distance, except 
in so far that this was assumed to be much 
greater than the length of the magnet) 

(b) When the bar is turned around by 180°, 
the magnet's north and south poles face mag¬ 
netic south and north respectively, i e , in 
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this case m is antiparallel to'the earth’s field 
Prom figure (b), it is clear that the null-points 
now lie on the axis of the magnet at a distance 
r/ given by 

il^= 0 38 (5) 

27rr'3 ' 

where we have made use of formula (3). Com¬ 
parison of Eqs (2) and (5) shows that 
r'3 = 2r^ 
or r' = >y2r 
For T = 12,5cm, r' = 15,7cm, 


6.4 Magnetic materials, the H-fleld 

With respect to behaviour in a magnetic field, 
materials fall into three categories, diamag¬ 
netic, paramagnetic and ferromagnetic. We 
describe them briefly 

Diamagnetic substances are those in which 
the individual atoms (or ions or molecules) 
do not possess any net magnetic moment on 
their own. When a sample of such material 
IS placed in an external (uniform) field B, 
the effect is to create in each atom (or ion 
or molecule) a small magnetic moment pro¬ 
portional to B but pointing in the oppo¬ 
site direction This happens as a result of 
the Lorentz force, due to B, acting on each 
circulating electron in the atom. These in¬ 
duced magnetic moments then create their 
own field which partially cancels the exter¬ 
nal field. Thus the field within the sample 
is decreased from B to a smaller value The 
reduction is generally very slight, from the ex¬ 
ternal value to one less than it by about one 
part in 10^. We say that a diamagnetic sub¬ 
stance expels field lines, and this is shown in 
Fig 6 9a. If such a substance is placed in a 
nonuniform external field, the tendency is to 
move from the high to the low field region 

Paramagnetic substances are those in 
which each atom (or ion or molecule) has a net 
nonzero magnetic moment on its own. When 
such a material is placed in an external B- 
field, the latter tends to align the individual 
atomic moments in its own direction How-'* 
ever, thermal agitation tends to knock, the 


dipoles into random directions. For strong 
enough B and/or low enough temperature, 
there is a net average magnetic dipole moment 
density in the same direction as B. So the 
field within the sample gets enhanced, and we 
have a pulling m of field lines as shown in Fig 
6.9b. If a paramagnetic sample is placed in a 
nonuniform field, it tends to move from the 
low to the high field region In both respects, 
then, the behaviour is opposite to the diamag¬ 
netic case. 

By far the most interesting class of mate¬ 
rials is the ferromagnetic type In such ma¬ 
terials - mainly iron, nickel and cobalt and 
some special alloys - each individual atom has 
a nonzero magnetic moment, as in a paramag¬ 
netic substance. However, by means of a deli¬ 
cate quantum mechanical effect, they interact 
with one another in such a way as to sponta¬ 
neously align themselves in a common direc¬ 
tion over macroscopic volumes In the first 
instance this effect leads to small domains 
of uniform magnetization A typical domain 
may contain some lO" atomic moments, cor¬ 
responding to a volume of about 10"'^cm^ or 
a size of about 10”''cm Domain sizes range 
from about 10~® cm to lO'^cm, depending on 
the magnetic material All the atomic mo¬ 
ments within a domain are lined up, leading to 
a net moment, but this varies randomly from 
domain to domain, as shown in Fig 6 10 So 
there is no bulk magnetic moment 

When we magnetize a ferromagnetic mate¬ 
rial, which has domains pointing in random 
directions so that there is no net magnetiza¬ 
tion, what happens is roughly the following. 
The domains oriented in the direction of the 
magnetizing field grow in size at the response 
of others; and even the others change their 
orientation so as to point along the magnetiz¬ 
ing field. This arrangement persists even after 
the magnetizing field is removed, in perma¬ 
nent or “hard" magnetic materials In others, 
the domains reorient randomly on removing 
the magnetizing agent. These are “soft" ma¬ 
terials used for magnets, etc. This leads to 
spontaneous bulk magnetization. This is the 
ongn of macroscopic magnets, both the natu- 
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Figure 6.9: 


Behaviour of (a) diamagnetic (b) paramagnetic substance irf a magnetic field 


Table 6.1: Properties of magnetic materials and comparison with dielectrics 



Fix arn pies 

Individual 

atom/ 

molecule 

Behaviour in 
external field 

Behaviour in 

nonuniform 

field 

Comparison 

to 

dielectrics 

Diamagnetic 

substances 

Bismuth, 

copper, 

lead, 

water, 

sodium 

chloride 

No 

magnetic 

moment 

Field reduced, 
field lines 
repulled 

Movement 
from high to 
low field 
region 

Nonpolar 

type 

Paramagnetic 

substances 

Aluminium, 

sodium, 

copper 

chloride, 

liquid 

oxygen 

Nonzero 

magnetic 

moment 

Field enhanced, 
field lines 
concentrated 

Movement 
from low to 
high field, 
region 

Polar 

type 

Ferromagnetic 

substances 

Iron, 

nickel, 

cobalt 

Nonzero 

moments 

organized 

into 

domains 

Field strongly 
enhanced, 
field lines highly 
concentrated 

Movement 
from low to 
high field 
region 

Ferro- 

clectriq, 

type 
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Figure 6.10: Randomly oriented domains in an 
immagnetized ferromagnetic material 

rally occurring lodestone and artificially made 
permanent magnets. The bulk magnetization 
disappears beyond a characteristic tempera¬ 
ture called the Curie temperature; then the 
substance becomes simply paramagnetic. For 
iron, this temperature is 1043 K. 

In Table 6.1 we list the main properties of 
these three kinds of magnetic materials, giv¬ 
ing also some examples of each. In the last 
column a comparison with properties of di- 
eiectric substances is indicated. 

Diamagnetism is always present and always 
weak. It is hard to detect if the substance 
is para or ferromagnetic. In the comparison 
with dielectrics given in the table, we must 
note an important point; when placed in an 
external electric field, both nonpolar and po¬ 
lar dielectrics decrease the field inside the 
sample, unlike the opposite behaviours of dia- 
and paramagnets in a magnetic field. This 
is why, as seen in Chapter 2, the capacitance" 
of a capacitor is always increased by inserting 
a dielectric in it, whether polar or nonpolar. 
Ferroelectric substances are the electric ana¬ 
logues of ferromagnetic ones. 

Ferromagnets are made of special alloys 
chosen for their specific properties. The mate¬ 
rial is placed m the field of a solenoid, or any 
other magnetic field, long enough to get mag¬ 
netized, and then slowly removed from the 
field An alloy (Alnico) of iron, aluminium, 
nickel, cobalt and copper is used for making 


permanent magnets. Such magnets are used 
in various instruments, such as galvanome¬ 
ters, and also in industry in magnetic separa¬ 
tors. For certain other applications one needs 
"soft” ferromagnets (rather than “hard" or 
permanent ones which can retain their mag¬ 
netization) These can be quickly, easily and 
highly magnetized, but they can change, lose, 
or reverse their magnetization equally quickly 
when the external field changes. Soft mag¬ 
nets are often made using an alloy of iron and 
nickel, and are needed in transformers, mo¬ 
tors, recording heads in tape recorders, etc. 


if The propel understanding of magnetism and 
Its microscopic origin depends on quantum me¬ 
chanics, but we will be content with a classical de¬ 
scription As mentioned in Chapter 5 and earlier 
in this Chapter, one source of magnetic moment 
in an atom is the circulating electronic motion, 
This IS like a small loop of electric current and so 
can be pictured as a tiny magnetic dipole. The 
other comes from the Intrinsic spin, which is like 
a spinning top-like motion of an electron around 
Its own axis. This is in fact the more important 
source. Thus each electron has both an orbital 
and a spin magnetic moment. 

In an atom or ion with a closed shell, and 
in many molecules, the individual magnetic mo¬ 
ments cancel out, I.e, vectorially add to zero, 
These are diamagnetic If the outermost shell 
of electrons in the atom or ion is only partially 
filled or as in some molecules (like oxygen) there 
IS a net magnetic moment, or in metallic solids 
(which have free electrons with spin magnetic mo¬ 
ment) the substance containing such atoms, ions, 
molecules or free electrons Is paramagnetic. 

When any substance Is placed in an external 
magnetic field B, there is always a Lorentz force 
that acts on the electrons circulating around the 
nuclei. One can show that the effect of this Lorentz 
force IS to create a small magnetic moment tend¬ 
ing to cancel B. This Is why diamagnetism, 
though weak. Is present in all materials. 

Turning to ferromagnetic materials, the direct 
interaction between atomic magnetic moments Is 
too weak to lead to an alignment and formation 
of magnetic domains What comes into play is a 
stronger indirect interaction which can only be ex¬ 
plained using quantum mechanics In contrast, in 
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lerroelectric substances it is the direct interaction 
between electric dipoles, plus some other effects, 
that leads to a co-operative large scale alignment 
ol all the dipoles 


The H-field : Suppose we have a magnetized 
body, which may be dia, para or ferromag¬ 
netic. At each point of the body there is some 
average macroscopic magnetic moment den¬ 
sity, M say. (According to Eq. (6.6), M has 
dimensions, ampere/metre). It is now possi- 
bie to replace this M by an equivalent elec¬ 
tric current density either in the in¬ 
terior of the body or on its surface or both, 
such that the magnetic field produced at any 
point by the magnetized body is the same 
as that produced by Jjvf via Ampere’s Law. 
Jjw is determined by M. The total magnetic 
field'B at any point is due to all currents 
taken together, “true” or “free" currents flow¬ 
ing in coils or conductors or free space, and 
the above equivalent current density J^f rep¬ 
resenting magnetized bodies. 

It now turns out that there is a combination 
of B and M which is directly related to the 
"free" currents alone. It is given by 

H=-^-B-M (6.9) 

tto 

From a practical point of view, this H field 
is very important, especially m dealing with 
ferromagnetic materials. It is what we can 
directly control by adjusting the free current, 
say in coib or solenoids. Except in magnetized 
bodies, H and B are simply proportional 

The field H is called the magnetic in¬ 
tensity. It has the same dimensions, am¬ 
pere/metre, as magnetic moment density M, 
Thus the fields B and H have different di¬ 
mensions, since po carries dimensions tesla x 
metre/ampere. 

★ Just as different books use different names for 
B, they do so for H too. Some use the names 
magnetic induction and magnetic Held strength 
lor B and H respectively Others prefer magnetic 
field lor B and magnetic Intensity for H, as we 
have done 


We mentioned in Eq (6.4) that an older unit for 
magnetic field B is the gauss, which is 10“'* T The 
corresponding older unit for magnetic intensity H 
IS the oersted one oersted is one gauss divided 
by po So the relation ol the oersted to SI units is 

1 oersted = 1 gauss /po 
= lO-'T/po 
lo--* 

~ 80 amp/metre. (6.10) 

■ \ 

★ 

In nonferromagnetic substances, if the fields 
are not too strong, the threS vectors B, M and 
H are multiples of one another at each point. 
It is conventional to express M in terms of 
H rather than of B. So for a linear non- 
ferromagnetic material we have 

M = x„H, 

B = po(l +Xm)H 

= /Jo«mH 

= mh, 

Km = 1 + Xm. = liOKm (6-11) 

Three convenient constants-Xmi Km and p- 
have been introduced here, but only one is 
independent. The dimensionless constant Xm 
is the magnetic susceptibility of the mate¬ 
rial. It is positive for para and negative for 
dia magnetic materials. Correspondingly, the 
dimensionless relative magnetic permeabi¬ 
lity Km is slightly more or slightly less than 
unity for para and dia magnetic substances 
respectively. Finally, p is the magnetic per¬ 
meability of the material. So one calls po the 
magnetic permeability of vacuum. 


Exami*le 6.B I The core of a toroid having 
3000 turns has inner and outer radii of 11 
cm and 18 cm respectively. The magnetic 
field In the core for a current of 0.70A Is 
8,5T. What Is the relative penneahlllty of 
the core? 

Answer I The magnetic field in the empty 
space enclosed by the windings of the toroid 



208 


PHYSICS 


is given by 
B = nonl 

where n is the number of turns per unit 
length apd I is the current. If the space is 
filled by a core of permeability n the formula 
modifies to 

Here B = 2.5 T, / = 0.70A 
_ 3000 _i 

” 2ir X 11.5 X 

where we hg.ve ignored the variation of 
B across thtfi cross-section of the toroid and 
taken the radius of the toroid to be the mean 
of i^ner and outer radii. We then have 

D 

p = — = 8.61 X 10"* TmA"^ 
nl 

The relative permeability of the core is 
defined to be n/fio- With po = 4'7r x 
10'^ TmA“^ I we get 

= 685. 

Mo 


★ Comparison to description of dielectrics: It 
IS helpful to brielly compare the use of the three 
vectors B, M and H here with the use of E, P 
and D in describing the behaviour of dielectric 
materials. As we learnt in Section 2.8, when a 
dielectric substance Is placed In an electric field, 
a polarization or electric dipole moment density 
P IS created within the material To calculate the 
electric field created by P, we can replace it by an 
equivalent or effective surface charge density at 
the surface of the dielectric (If P is not uniform, 
there is also an equivalent volume charge density 
inside the dielectric) The electric displacement 
vector D defined in Eq (2 94) is a combination of 
the true total electric field E and the polarization 
P, which depends only on the, free charges on 
conductors or In free space. 

We can now see that the creation of a magnetic 
moment density M in a magnetic material when 
placed in a magnetic field is similar to the creation 
of polarization P in a dielectric In an electric field. 
The difference Is that in the former case M can 
sometimes be opposite to the external field This 
Is what a diamagnetic substance does, and for 
this there Is no dielectric analogue. 


From a basic point of view the two fields E 
and B are analogous. In matenal media we find 
it useful to introduce fields D and H, in a way 
tp remove the contributions of polarization P and 
magnetization M to E and B respectively So 
D and H are analogous They are the fields 
due respecrively to external or free charges (D) 
and external currents (H). In free space we have 
D = cqE and H = B/po. 

Hysteresis' In ferromagnetic materials, for in¬ 
stance soft lron,>he relation between B and H 
IS quite complicated, and not linear. It can even 
depend on the history of the sample' The rela¬ 
tive magnetic permeability rcm is of the order of 
10'*, tar greater than values just above unity for 
paramagnetic substances 
Suppose we take a core of unmagnetized soft 
iron, and pass a current through a coil wound 
around it. Td begin with the fields H and B/po 
in the iron both increase steadily, but the latter is 
much larger than the former This is because even 
with a moderate current in the coil, leading to a 
moderate H field, all the tiny magnetic moments 
in different domains line up more or less along H 
This leads to a large magnetizatidn M in the iron 
parallel to H. In turn this Is equivalent to a large 
current density Jjw. and since this too contributes 
to the B field, this field is much larger than poH 
The Initial build-up of B, as H Is Increased, is 
shown by the solid curve in Fig, 6.11, from the 
origin 0 outwards. 

Alter a while, however, the cun/e of B against 
H "saturates", that is, M reaches a maximum. 
It does not increase any more with increasing H, 
(So actually it Is M that saturates, but since B/po 
IS so much larger than H, we may effectively say 
that B saturates. We see for example from Fig 
6.11 that B ~ 1.5T or (B/po) 1.25 x 10®A/m, 
H IS only about 200A/m. This corresponds to the 
flattening out of the upper part of the solid curve 
in Fig 611, near point a. It evidently happens 
when all the tiny magnetic moments In individual 
domains are essentially perfectly lined up along 
H 

If we now slowly'decrease the (free) current In 
the coil and reduce H to zero, some magnetiza¬ 
tion M remains In the iron, so B does not fall to 
zero! We are at the point b in Fig. 611 To make 
B vanish, we have to reverse the current in the 
coil and build up H in the opposite direction to 
a certain strength - this, corresponds to point c 
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Figure 6.11: The B - H cycle in ferromagnetic 
materials - the hysteresis loop 

In Fig 611 Saturation in the opposite direction 
Is reached with further increase in the magnitude 
ol H, by then, namely point d in Fig, 6 ii, the 
magnetization M would be opposite to what it 
was at point a Now a gradual decrease of H to 
zero and then a build up in the original direction is 
"described by the lower dotted curve in Fig 6 11, 
linking point d via point e to point a 
So one complete cycle of change in H - the 
thing we can control by changing the strength and 
direction ol the current in the coil — makes B fol¬ 
low a closed loop abcdea, not up and down a 
curve in the B — H diagram For each value 
ol H, the value of B is not unique but depends 
on the previous history ol the sample This phe¬ 
nomenon IS called hysteresis. ★ 


6.6 The tangent galvanometer 

In Section 5.5 we described how electric cur¬ 
rents can be measured using a moving coil gal¬ 
vanometer. Taking advantage of the earth’s 
magnetic field, another instrument called the 
tangent galvanometer can be used for the 
same purpose It consists of a circular coil of 
n turns and radius a, say, through which we 
pass the current to be measured. The coil is 
mounted so as to lie in the magnetic meridian. 
At its centre is a magnetic compass needle piv¬ 
oted about a vertical axis, and able to swing 


N 



Figure 6.12: The tangent galvanometer arrange¬ 
ment 

freely in the horizontal plane The arrange¬ 
ment - as viewed from "above" - is shown in 
Fig. 6.12. 

When there is no current, the needle rests 
in the plane of the coil, namely the magnetic 
meridian It lies parallel to the horizontal 
component, Bo say, of the earth's field If 
now we pass a current I we know from Sec¬ 
tion 5.2 that a horizontal magnetic field B, 
perpendicular to the plane of the coil, is pro¬ 
duced at the centre Its magnitude is given 
by Eq. (5.12) (with the replacements r —+ 0, 

IBj = /Jon//2a, (6.12) 

Clearly Bq and B are mutually perpendicular. 
The needle will now feel torques due to both 
fields. It will thus come to rest pointing along 
the resultant of Bo and B. Thus it will swing 
away from the magnetic meridian by an angle 
9 given by 
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tan e = |B|/|Bo| = /Jon//2a|Bo|. (6.13) 

This can be solved for the current I: 

, 2a 

/ = Bo|- tantf. (6.14) 

nfiQ 

The name of this instrument is explained by 
this expression. While |Bo| depends on the lo¬ 
cation of the instrument, 2a/n/io is a constant 
characteristic of the instrument itself. 


To use the tangent galvanometer, one has 
to determine the magnetic meridian and the 
horizontal part of the earth’s field quite accu¬ 
rately, and these may vary in time. In addi¬ 
tion it is easily affected by magnetic materials 
or current carrying conductors placed nearby. 
Therefore it. is not a very useful instrument 
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lU II . ... . Su mmar y 

1. Simple features of magnetism have been known for a long time such as- magnets attract 

small pieces of iron, a freely suspended magnet points in the N-S direction; like poles of 
two magnets repel while unlike poles attract each other; breaking a long bar magnet into 
two pieces produces two new magnets i.e. North and South poles of a maenet cannot 
be isolated. “ 

2. After Oersted's discovery, it was realized that magnetism was an effect of electric charges 
in motion Ampere suggested that the elementary 'atomic' magnets in magnetic materials 
were tiny circulating currents. In a bar magnet, they are aligned in the same direction. 
This picture (with some modifications) is quite correct (see 7). 

3. In a magnetic field B, the torque on a magnet of magnetic moment m is given by 
T= tn X B. Potential energy is given by U = —m • B. 

4 Magnetic dipoles are the most elementary sources of magnetic field i e. there are no 
magnetic monopoles This fact implies that the flux of magnet i.e, field through any 
dosed surface is always zero. The unit of flux is Weber. 

IWb =lTm^ 

5 The strength of the earth's magnetic field is about 10“^Wb/m^. Two angles are needed to 
specify its direction. The angle between the geographical north and the direction of the 
compass's north pole is called the magnetic declination at that point This determines 
the vertical plane of B. In this plane, the angle which B makes with the horizontal 
direction is called the dip angle. 

6. A tangent galvanometer consists of a circular coil of radius a and n turns carrying current 
I to be measured. It is placed in the vertical plane of the earth's magnetic field Bq. The 
angle 6 which a compass needle at the centre of the',coil makes with the plane of the 
coil is related to I by 

r n 2a ^ 

f = Bo -tan 9 

npo 

7 A circulating electron in an atom has a magnetic moment both due to its orbital motion 
and intrinsic spin 

Diamagnetism'. In atoms of some materials (e.g. Bi, Cu, Pb), magnetic moments due to 
different electrons cancel out. When such a substance is placed in B, an orbital magnetic 
moment is induced, proportional to B but in opposite direction. Diamagnetism is a 
weak but universal effect. 

Paramagnetism-. Atoms or molecules of some materials (e.g. Al, Na, CuCIa) have a 
non-zero magnetic moment. When such a substance is placed in B, the latter tries to 
align individual magnetic dipoles in its direction, while thermal motion randomizes their 
directions. There is a net magnetization in the same direction as B. 

Ferromagnetism-. In some materials (e.g. Fe, Ni, Co) the non-zero atomic magnetic 
dipoles interact with one anothei and spontaneously produce magnetization over small 
domains of sizes of a few microns. The different domains may have random orientations 
resulting in zero bulk magnetic moment. Macroscopic magnetization arises when the 
domains are made to align themselves in a common direction. In ferromagnetic materials. 
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for each value of magnetization, there is no unique value of the field B, it depends on 
the history by which the magnetization is reached This is the phenomenon of hysteresis 
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Exercises 


6.1 A magnetricd needle of magnetic mo¬ 
ment 4 8 X 10"^ J T~^ is placed at 30“ 
with the direction of uniform mag¬ 
netic field of magnitude 3 xl0“® T. 
What is the torque acting on the 
needle? 

6.2 In 6.1, suppose the needle is pivoted 
through its centre of mass and is 
free to rotate in the plane of mag¬ 
netic field If the needle is displaced 
slightly from its stable equilibrium 
and released, predict the angular fre¬ 
quency of its oscillations (of small am¬ 
plitude) The moment of inertia of 
the needle about its axis of rotation 
is given to be 2.25 xTO”’’ kg m^. 

6.3 A short bar magnet placed with its 
axis at 30“ with a uniform external 
magnetic field of 0.25 T experiences 
a torque of magnitude equal to 4 5 
xlO'^ .1. What 13 the magnitude of 
magnetic moment of the magnet? 

6.4 A short bar magnet of magnetic mo¬ 
ment m = 0 32 J IS placed in 
a uniform external magnetic field of 
0.15 T. If the bar is free to rotate 
in the plane of the field, which ori¬ 
entations would correspond to its (i) 
stable and (ii) unstable equilibrium ? 
What IS the potential energy of the 
magnet in each case? 

6.5 A planar loop of Irregular shape en¬ 
closes an area of 7.5 xl0“'* m^, and 
carries a current of 12 A. The sense of 
flow of current appears to be clock¬ 
wise to an observer. What is the 
magnitude and direction of the mag¬ 
netic moment vector associated with 
the current loop ? 

6.6 A circidar coil of 300 turns and dia¬ 


meter 14 cm carries a current of 15 A. 
What is the magnitude of magnetic 
moment associated with the coil? 

6.7 A closely wound solenoid of 800 turns 
and area of cross-section 2 5 X10“'* 

carries a current of 3 0 A. Explain 
in what sense does the solenoid act 
like a bar magnet. What is its asso¬ 
ciated magnetic moment"? 

6.8 If the solenoid in 6.7 is free to turn 
about the vertical direction and a uni¬ 
form horizontal magnetic field of 0 25 
T IS applied, what is the magnitude 
of the torque on the solenoid when its 
axis makes an angle of 30“ with the 
direction of the applied field? 

6.9 A bar magnet of magnetic moment 
1 5 J T“^ lies aligned with the di¬ 
rection of a uniform magnetic field of 
0.22 T. 

(a) What is the amount of work re¬ 
quired to turn the magnet so as to 
align its magnetic moment (i) normal 
to the field direction, (ii) opposite to 
the field direction"? 

(b) What IS the torque on the magnet 
in cases (i) and (ii)? 

6.10 A closely wound solenoid of 2000 
turns and area of cross-section 1.6 
xlO”"* m^, carrying a current of 4 0 
A, IS suspended through its centre 
allowing it to turn in a horizontal 
plane. 

(a) What is the magnetic moment as¬ 
sociated with the solenoid"? 

(b) What is the force and torque on 
the solenoid if a uniform horizontal 
magnetic field of 7.5 x 10“^ T is set 
up at an angle of 30“ with the axis of 
the solenoid? 
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6.11 A magnetic needle free to rotate in a 
vertical plane parallel to the magnetic 
meridian has its north tip pointing 
down at 22° with the horizontal. The 
horizontal component of the earth’s 
magnetic field at the place is known 
to be 0.35 G. Determine the strength 
of the earth’s magnetic field at the 
place. 

6.12 At a certain location in Africa, a 
compass points 12° West of the geo¬ 
graphic north. The north tip of the 
magnetic needle of a dip circle placed 
in the plane of magnetic meridian 
points 60° above the horizontal. The 
horizontal component of the earth’s 
field is measured to be 0.16 G. Spe¬ 
cify the direction and magnitude of 
the earth’s fiel4 at the location. 

6.13 A short bar magnet has a magnetic 
moment of 0.48 J T“'. Give the direc¬ 
tion and magnitude of the magnetic 
field produced by the magnet at a dis¬ 
tance of 10 cm from the centre of the 
magnet on (i) the axis (ii) the equato¬ 
rial line (normal bisector) of the mag¬ 
net. 

6.14 A short bar magnet placed in a hori¬ 
zontal plane has its axis aligned along 
the magnetic north-south direction. 
Null points are found on the axis of 
the magnet at 14 cm from the centre 
of the magnet. The earth’s magnetic 
field at the place is 0 36 G and the 
angle of dip is zero What is the total 
magnetic field on the normal bisector 
of the magnet at the same distance as 
the null-points (i.e 14 cm) from the 
centre of the magnet? 

6.15 If the bar magnet in 6.14 is turned 
around by 180°; where will the new 
null-points be located? 


6.16 A short bar magnet of magnetic mo¬ 
ment 5.25 xlO"^ J T“’ is placed with 
its axis perpendicular to the earth’s 
field direction. At what distance from 
the centre of the magnet on (a) its 
normal bisector, (b) its axis is the 
resultant field inclined at 45° with 
the earth’s field. Magnitude of the 
earth’s field at the place is given to be 
0.42 G. Ignore the length of the mag¬ 
net in comparison to the distances in¬ 
volved. 

6.17 A circular coil of 16 turns and radius 
10 cm carrying a current of 0.75 A 
rests with its plane normal to an ex¬ 
ternal field of magnitude 5.0 xlO~^ 
T. The coil is free to turn about 
an axis in its plane perpendicular to 
the field direction. When the coil is 
turned slightly and released, it oscil¬ 
lates about its stable equilibrium with 
a frequency of 2.0 s~^ What is the 
moment of inertia of the coil about 
its axis of rotation? 

Additional Exercises 

6.18 A long straight horizontal cable car¬ 
ries a current of 2.5 A in the direction 
10° south of west to 10° north of east, 
The magnetic meridian of the place 
happens to be 10° west of the geo¬ 
graphic meridian. The earth’s mag¬ 
netic field at the location is 0.33 G, 
and the angle of dip is zero, Locate 
the line of neutral points (Ignore the 
thickness of the cable) 

6.19 A telephone cable at a place has four 
long straight horizontal wires carry¬ 
ing a current of 1 0 A in the same di¬ 
rection east to west. The earth’s mag¬ 
netic field at the place is 0.39 G, and 
the angle of dip is 35°. The magnetic 
declination is nearly zero. What are 
the resultant magnetic fields at points 
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4.0 cm below, and above the cable? 

6.20 A compass needle free to turn in a 
horizontal plane la placed at the cen¬ 
tre of circular coil of 30 turns and ra¬ 
dius 12 cm. The coil is in a vertical 
plane making an angle of 45° with the 
magnetic meridian. When the cur¬ 
rent in the coil is 0.35 A, the needle 
points west to east. 

(a) Determine the horizontal compo¬ 
nent of the earth’s magnetic field at 
the location. 

(b) The current in the coil is reversed, 
and the coil is rotated about its verti¬ 
cal axis by an angle of 90° in the an¬ 
ticlockwise sense looking from above. 
Predict the direction of the needle. 
Take the magnetic declination at the 
place to be zero 

6.21 A current-carrying planar loop sus¬ 
pended in a vertical plane normal 
to the magnetic meridian is in sta¬ 
ble equilibrium. The horizontal com¬ 
ponent of the earth’s field is 0.32 
G. Another horizontal magnetic field 
of magnitude 0.48 G parallel to the 
plane of the loop is set up along mag¬ 
netic west to east. Specify the new 
orientation of the loop when it comes 
to stable equilibrium. What happens 
if the current in the loop is reversed? 

6.22 A magnetic dipole is under the influ¬ 
ence of two magnetic fields. The an¬ 
gle between the field directions is 60°, 
and one of the fields has a magnitude 
of 1.2 xl0~^ T. If the dipole comes to 
stable equilibrium at an angle of 15° 
with this field, what is the magnitude 
of the other field? 


netic field of 0.40 G normal to the 
initial direction. Estimate the up or 
down deflection of the beam over a 
distance of 30 cm (me = 9.11 xlO"” 
kg, e = 1,60 X 10-^« 0). [Note: Data 
in this exercise are so chosen that the 
answer will give you an idea of the ef¬ 
fect of earth's magnetic field on the 
motion of the electron beam from the 
electron gun to the screen in a TV 
set]. 

6.24 The figure shows a small magnetized 
needle A placed at a point O. The ar¬ 
row shows the direction of its mag¬ 
netic moment. The other arrows 
show different positions (and orienta¬ 
tions of the magnetic moment) of an¬ 
other identical magnetized needle B. 

(a) In which configurations is the sys¬ 
tem not in equilibrium? 

(b) In which configurations is the sys¬ 
tem in (i) stable, and (ii) unstable 
equilibrium? 

(c) Which configuration corresponds 
to the lowest potential energy among 
all the configurations shown? 


B4 



B 


6.23 A monoenergetic (18 keV) electron 

beam Initially in the horizontal direc- 6.25 A sample of paramagnetic salt con- 
tion is subject to a horizontal mag- tains 2.0 xlO^^ atomic dipoles each 
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of dipole moment 1.5 xlO ’ 
The sample is placed under a ho¬ 
mogeneous magnetic field of 0.84 T, 
and cooled to a temperature of 4 2 
K. The degree of magnetic saturation 
achieved is equal to 15%, What is the 
total dipole moment of the sample for 
a magnetic field of 0.98 T and a tem¬ 
perature of 2.8 K (assume Curie’s 
law) 

6.26 A Rowland ring of mean radius 15 
pm has 3500 turns of wire wound on 
a ferromagnetic core of relative per¬ 
meability 800. What is the magnetic 
field (B) in the core for a magnetizing 
current of 1 2 A? 

6.27 The magnetic moment vectors /j, and 
/i, associated with the intrinsic spin 
angular momentum S and orbital an¬ 
gular momentum 1 respectively of an 
electron are predicted by quantum 
theory (and verified experinqentally 
to a high accuracy) to be given by 

H, = - (elm) S, p, = - (e/2m) 1 

Which of these relations is in accor¬ 
dance with the result expected ‘cla¬ 
ssically'? Outline the derivation of 
the classical result. 

6.28 Answer the following questions; 

(a) What happens if a bar magnet is 
cut into two pieces 

(i) transverse to its length (ii) along 
its length? 

(b) What happens if an iron bar mag¬ 
net is melted. Does it retain its mag¬ 
netism? 

(c) A magnetized needle in a uniform 
magnetic field experiences a torque 
but no net force. An iron nail near 
a bar magnet, however, experiences 


a force of attraction in addition to a 
torque. Why? 

(d) Must every magnetic field config¬ 
uration have a north pole and a south 
pole2 What about the field due to a 
toroid? 

(e) Can you think oi a magnetic field 
configuration with three poles? 

(f) Two identical-locking iron bars A 
and B are given, one of which is de¬ 
finitely known to be magnetized (We 
do not know which one). How would 
one ascertain whether or not both are 
magnetized? If only one is magne¬ 
tized, how does one ascertain which 
one? [Use nothing else but the two 
bars A and B]. 

6.29 Answer the following questions re¬ 
garding earth’s magnetism. 

(a) A vector needs three quantities for 
its specification, Name the three in¬ 
dependent quantities conventionally 
used to specify the earth’s magnetic 
field. 

(b) The angle of dip at a location in 
southern India is about 18°. Would 
you expect a greater or lesser dip an¬ 
gle in Britain? 

(c) If you made a map of magnetic 
field lines at Melbourne in Australia, 
would the lines seem to go into the 
ground or come out of the ground? 

(d) Which direction would a compass 
point to if located right on the geo¬ 
magnetic north or south pole? 

(e) The earth’s field, it is claimed, 
roughly approximates the field due to 
a dipole of magnetic moment 8 xlO^ 
J T~^ located at its centre. Check the 
order of magnitude of this number in 
some way, 

(f) Geologists claim that besides the 
main magnetic N-S poles, there are 



magnetism 


217 


several local poles on the earth's sur¬ 
face oriented in different directions. 
How is such a thing possible at all? 

6.30 Answer the following questions: 

(a) The earth’s magnetic field varies 
from point to point in space. Does it 
also change with time? If so, on what 
time scale does it change appreciably? 

(b) The earth’s core is known to con¬ 
tain iron. Yet geologists do not re¬ 
gard this as a source of the earth’s 
magnetism, Why? 

(c) The charged currents in the outer 
conducting regions of the earth’s core 
are thought to be responsible for 
earth’s magnetism. What might be 
the ‘battery’ (i.e the source of energy) 
to sustain these currents? 

(d) The earth may have even re¬ 
versed the direction of its field several 
times during its history of 4 to 5 bil¬ 
lion years. How can geologists know 
about the earth’s field in such distant 
past? 

(e) The earth’s field departs from its 
dipole shape substantially at large 
distances (greater than about 30,000 
km). What agencies may be respon¬ 
sible for this distortion? 

(f) Interstellar space has an extremely 
weak magnetic field of the order of 
j^q -12 fj" Qg^j, guch a weak field be 
of any significant consequence? Ex¬ 
plain. 

[Notes Exercise 6.30 is meant mainly 
to arouse your curiosity. Answers to 
some questions above are tentative 
or unknown. Brief answers wherever 
possible are given at the end. For de¬ 
tails, you should consult a good text 
on geomagnetism.] 

6.31 Many of the figures below show mag¬ 
netic field lines wrongly (thick lines 


in the figures). Point out what is 
wrong with them. Some of them may 
describe electrostatic field lines cor¬ 
rectly. Point out which ones Re¬ 
member we are talking of only static 
electric or magnetic fields. 



Empty space 
(b) 



(d) 
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6.32 Answer the following questions care¬ 
fully: 

(a) Magnetic field lines show the di¬ 
rection (at every point) which a small 
magnetized needle takes up (at that 
point). Do the magnetic field lines 
also represent the ‘/ines of force’ on 
a moving charged particle at every 
point'i' 

(b) Magnetic field lines can be en¬ 
tirely confined within the core of 
a toroid, but not within a straight 
solenoid. Why'^ 

(c) If magnetic monopoles existed, 
how would Gauss’s law of magnetism 
be modified’ 

(d) Does a bar magnet exert a torqe 
on itself due to its ovm field? Does 
one element of a current-carrying wire 
exert a force on another element of 
the same wirel 

(e) Magnetic field arises due to 
charges in motion. Can a system have 
magnetic moments even though its 
net charge is zero? 

(f) Magnetic force is always normal to 
the velocity of a charge and therefore 
does no work. An iron nail held near 
a magnet, when released, increases its 
kinetic energy as it moves to cling to 
the magnet What agency is respon¬ 
sible for this increase in kinetic energy 
if not the magnetic field’ 


6.33 Answer the following questions: 

(a) Why does a paramagnetic sample 
display greater magnetisation (for the 
same magnetizing field) when cooled? 

(b) Why is diamagnetism, in con¬ 
trast, almost independent of temper¬ 
ature? 

(c) If a toroid uses bismuth for its 
core, will the field in the core be 
(slightly) greater or (slightly) less 
than when the core is empty? 
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(d) Is the permeability of a ferro¬ 
magnetic material independent of the 
magnetic field? If not, is it more for 
lower or higher fields? 

(e) Magnetic field lines are always 
nearly normal to the surface of a fer- 
romagnet at every point. (This fact 
IS analogous to the static electric field 
lines being normal to the surface of a 
conductor at every point). Why? 

(f) Would the maximum possible 
magnetization of a paramagnetic 
sample be of the same order of magni¬ 
tude as the magnetization of a ferro- 
mignet? 

6.34 Answer the following questions- 

(a) Explain qualitatively on the basis 
of domain picture the irreversibility 


in the magnetization curve of a ferro- 
magnet. 

(b) The hysteresis loop of a soft iron 
piece has a much smaller area than 
that of a carbon steel piece. If the 
material is to go through repeated cy¬ 
cles of magnetization, which piece vnll 
dissipate a greater heat energy? 

(c) ‘A system displaying a hysteresis 
loop such as a ferromagnet is a de¬ 
vice for storing memory?’ Explain 
the meaning of this statement. 

(d) What kind of ferromagnetic mate¬ 
rial is used for coating magnetic tapes 
in a cassette player, or for building 
‘memory stores’ in a modern com¬ 
puter? 

(e) A certain region of space is to be 
shielded from magnetic fields. Sug¬ 
gest a method 




-- Appendix A __ 

THE INTERNATIONAL SYSTEM OF UNITS (SI) 
THE SI BASE UNITS 


QUANTITY NAME SYMBOL DEFINITION 


Length metre 


mas3 kilogrAtn 


time 


second 


electric current ampere 


thermodynamic kelvin 

temperature 


amount of substance mole 


luminous intensity candela 


m “ the length of the path traveled 

by light in vacuum in 1/299, 792,458 
of a second " (1983) 

kg “ this prototype [a platmum- 

iridiiim cylinder] shall henceforth be 
considered to be the unit of mass ” 

(1989) 

s “ the duration of 9,192,631,770 

periods of the radiation corresponding 
to the transition between the two 
hyperfine levels of the ground state 
of the cesium-133 atom ’’ (1967) 

A “• • that constant current which, if 

maintained in two straight parallel 
conductors of infinite length, of negli¬ 
gible circular cross section and placed 
1 metre apart in vacuum, would produce 
between these conductors a force equal 
to 2 X 10"’ newton per metre 
of length " (1946) 

K " the fraction 1/273 16 of the thermo¬ 

dynamic temperature of the triple point 
of water." (1967) 

mol " the amount of substance of a 
system which contains as many 
elementary entities as there are atoms 
in 0.012 kilogram of carbon-12 ’’ (1971) 

cd " the luminous intensity, in the 

perpendicular direction, of a surface of 
1/600,000 square metre of a blackbody 
at the temperature of freezing platinum 
under a pressure of 101,325 newtons per 
square metre " (1967) 
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SOME SI DERIVED UNITS WITH SPECIAL NAMES 





SI Unit 


Quantity 

Name 

Symbol 

Expression 
in terms 
of other 

UuiLt3 

Expression 
in terms 
of SI base 

units 

frequency 

hertz 

IIz 

— 

s-' 

force 

newton 

N 

— 

kg.m/s^ 

pressure 

pascal 

Pa 

N/m^ 

kg/m.s^ 

energy, work, quantity 
of heat 

joule 

J 

N m 

kg.mVs^ 

power, radiant flux 

watt 

W 

J/s 

kg.m^/s^ 

quantity of electricity, 
electric charge 

coulomb 

C 

— 

A.s 

electric potential, 
potential difference, 
electromotive force 

volt 

V 

W/A 

kg.m^/A.a^ 

capacitance 

farad 

F 

C/V 

A^.sVkg.m^ 

electric resistance 

ohm 

fi 

V/A 

kg.m'^/A^.s^ 

conductance 

siemens 

S 

A/V 

A^ s^kg.m^ 

magnetic flux 

Weber 

Wb 

Vs 

kg m^/A s^ 

magnetic field 

tesla 

T 

Wb/m^ 

kg/A.s^ 

inductance 

henry 

H 

Wb/A 

kg.m^/A^.s’^ 



.. . . .. Appendix B - 

CONVERSION FACTORS 

Conversion factors are written as equations for simplicity; relations marked with an asterisk axe 
exact. 


length 

Angle and Angular Speed 

1 km = 0 6215 mi 

1 mi = 1 609 km 

1 m-= 1.0936 yd = 3 281 ft = 39.37 in 
*1 in = 2 54 cm 
*1 ft = 12 in = 30.48 cm 
*1 yd = 3 ft = 91.44 cm 

1 lightyear = 1 c y = 9.461 x 10*® m 
*1 A = 0 1 nm 

'rr rad = 180° 

1 rad = 57.30° 

1° = 1 745 X 10-* rad 

1 rev/min = 0.1047 rad/s 

1 rad/s = 9 549 rev/imn 

Mass 

Area 

'1 = 10'* cm^ 

1 km^ = 0.3861 mi^ = 247.1 acres 
*1 in* = 6.4516 cm* 

1 ft* = 9 29 X 10-* m* 

1 m* = 10.76 ft* 

•1 acre = 43,560 ft* 

1 mi* = 460 acres = 2.590 km* 

*1 kg = 1000 g 

*1 tonne = 1000 kg = 1 Mg 

1 u = 1 6606 X 10-*^-kg 

1 kg = 6.022 X 10**u 

1 slug = 14 59 kg 

1 kg = 6.852 X 10'* slug 

1 u -•= 931.50 MeV/c* 

Density 

Volume 

*1 g/cm* = 1000 kg/m* = 1 kg/L 
(1 g/cm*)£r = 62.4 Ib/ft* 

*1 m* = 10® cm* 

•1 L = 1000 cm* = 10-* m* 

1 gal = 3 786 L 

1 gal = 4 qt = 8 pt = 128 oz = 231 in* 

1 in* = 16.39 cm* 

1 ft* = 1728 in* = 28.32 L = 2 832 x 10'* cm* 

Force 

1 N = 0.2248 lb = 10* dyn 

1 lb = 4.4482 N 
(1 kg)g = 2.2046 lb 

Time 

Pressure 

*1 h = 60 min = 3.6 ks 

*1 d = 24 h = 1440 min = 86.4 ks 

ly^ 365.24 d = 31.56 Ms 

*1 Pa= 1 N/m* 

*1 atm = 101.325 kPa = 1.01325 bars 

Speed 

1 atm = N 7 Ib/in* = 760 mmHg 
= 29 9 inHg = 33.8 ftH20 

1 km/h = 0.2778 m/s = 0.6215 mi/h 

1 mi/h = 0.4470 m/s = 1.609 km/h 

1 mi/h = 1.467 ft/s 

i Ib/in* = 6 895 kPa 

1 torr = 1 minfi ' = 133.32 Pa 

1 bar = 100 kP.i 
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sin 20 = 2sin0cos0 

cos 20 = cos^ 0 — sin* 0 = 2 cos* 0 — 1 
= 1—2 sin* 0 

8in(a ± /3) = sin a cos/3 ± cos or sin /3 
cos(a ± ^) = cos a cos /3 T sin asin (3 

M , a\ tan a ± tan/3 

sin a ± sin /3 

= 2sini(a±/9)co8 ^(aT/9) 
cos a + cos j3 

= 2cos i(Q; + /3)cos ^(a - /3) 
cos a — cos /3 

= -2sin ^(q + /S) sin ^(a - /3) 

BINOMIAL THEOREM 




PRODUCTS OF VECTORS 

Let i, j and k be unit vectors in the x.y, and 
I directions. Then 


(a:* < 1) 


(a:*<l) 


EXPONENTIAL EXPANSION 


e* = l + a: + - + - + . - 

LOGARITHMIC EXPANSION 

In(l -t- ®) = x — ix* + jx* — • - • 


(|xl < 1) 


I i = j j = k k=l, i j=j k = k‘i = o, 
ixi = jxj = kxk = 0, 

i X j = k, j X k = i, k X i=j- ' 

Any vector a with componenfs a^fOy, and a, 
along the x, y, and z axes can be written, 

a = Oii+ aj,j + a,k. 

Let a, b and c be arbitary vectors with mag¬ 
nitudes a,i), and c, Then 

ax (b -f c) = (a X b) -f (a X c) 

(sa) X b = a X (sb) = s(a x b) 

(s = a scalar). 

Let 0 be the smaller of the two angles betwen 
a and b. Then 

a ■ b = b • a = a^bi + Oyby + a^bz = obcos0 

i j k 

a X b = —b X a = Oj. Oy 

bx by bz 

= byOj)r ~1~ b^aj)j 

-f (Ojby — bxay)k 

[a X b| = ab sin 0 

a ■ (b X c) = b • (c X a) = c • (a X b) 
a X (b X c) = (a • c)b — (a • b)c 


TRIGONOMETRIC EXPANSIONS 

(0 in radians) 

qZ /)5 

21 4! 

„ „ 0* 20® 

tan0 = 0+-T + —- 

o 15 




ANSWERS TO EXERCISES AND 
ADDITIONAL EXERCISES 


Chapter 1 


1.1 9 X 10®N 

1.2 6 X lO'^N (repulsive) 

1.3 (a) 12 cm 

(b) 0.2 N (attractive) 

1.4 2.4 X 10^®. This is the ratio of elec¬ 
tric force to the gravitational force (at 
the same distance) between an elec¬ 
tron and a proton. 

1.6 Charge is not created or destroyed. It 
13 merely transferred from one body 
to another 

1.8 Zero N 

1.9 Varies as 

V 

1.11 (a) 5,4 X 10® NC-‘ along OB 
(b) 8.1 X 10~® N along OA 


1.13 Total charge is zero. Dipole moment 
= 7.5 X 10~® Cm along -z-axis 


1.14 

10-“* 

Nm 

1.16 

(a) 

2 X lO^®, from wool to polythene 


(b) 

Yes, but of a negligible amount 



(= 2 X 10-3® j^g (.jjg example). 

1.16 

(a) 

1.5 X 10-® N 


(b) 

0.24 N 


l.ir 5.7 X 10-3 

1.18 Charges 1 and 2 are negative, charge 
.3 is positive. Particle 3 has the high¬ 
est charge to mass ratio. 


Answers to Additional Exercises 

1.19. (a) Little change in the distribution 
of charges 

(b) redistribution of charge on each 
sphere; positive and negative 
charges will ‘face’ each other 

(c) charge on each sphere will be 
uniformly distributed. 

1.20 9 81 X 10“'’ mm 

1.21 only (c) is right; the rest cannot rejj- 
resent electrostatic field lines, (a) is 
wrong because field lines must be nor¬ 
mal to a conductor, (b) is wrong be¬ 
cause lines of force cannot start from 
a negative charge, (d) is wrong be¬ 
cause lines of force cannot intersect 
each other, (e) is wrong because elec¬ 
trostatic field lines cannot form closed 
lo()ps. 

1.22 The force is 10"® N in the negative 
z-direction, that is in the direction 
of decreasing electric field. You can 
check that this is also the direction 
of decreasing potential energy of the 
dipole; torque is zero. 
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Chapter 

3.1 25.98 NmVC 

2.2 Zero, The number of lines entering 
the cube ia the same as the number 
of lines leaving the cube 

2.3 (a) 0.07 nC 

(b) No, only that the net charge in¬ 
side ia zero 

2.4 2 2 X 10^ N mVC 

2.5 1 9 X 10^ N mVC 

2.6 (a) because the charge 

enclosed is the same in the two cases. 

(b) -8.8nC 

2.7 -6.67nC 

2.8 (a) 1.45 X lO'^C 

(b) 1,6 X 10* N mVC 

2.9 10/tC/m 

2.10 (a) Zero, (b) Zero, (c) 1 9 N/G 

2.11 9 cm from the first charge 

2.12 2 7 X 10® V 

2.13 (a) 4 X lO'* V 

(b) 8 X 10-®J; No 

% 

2.14 (a) -0 7J 
(b) 0 7J 

2.15 (a) The plane normal to AB and pass¬ 
ing through its mid-point has zero po¬ 
tential everywhere 


2 

(b) Normal to the plane in the direc¬ 
tion AB 

2.16 (a) Zero 

(b) 10® NO-' 

(c) 4 4 X 10" NC-" 

2.17 96 pF 

2.18 (a) 3pF 
(b) 40V 

2.19 (a) 9pF 

(b)2 X 10-’°C, .3 X 10-'“G, 4 x 10-'“C 

2.20 18pF, 1 8 X 10-»C 

2.21 (a) V = lOOV, C = 108pF, Q = 
1.08 X 10-®G’ 

(b) Q = 1.8 X 10-®C, C = 108 pF, 
V = 16 6V 

2.22 1.5 X 10-®J 

2.23 6 X 10-®J. 

Answers to Additional Exercises 

2.24 1.2J; the point R is irrelevant to the 
answer. 

2.26 Potential = \ql field is zero, 
as expected by symmetry. 

2.26 (a) 2.4 x 10®V, 4.0 x lO^Vm'" from 
charge 2.5/iG to 1.5/iC 

(b) 2 0 X 10®V; 6 6 X lO^Vm"" in 
the direction that makes an angle of 
about 69° to the line joining charge 
2 5/iC to 1.5^iG 
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2.27 (a) Hint; choose a gaussian surface ly¬ 
ing wholly within the conductor and 
enclosing the cavity. 

(b) Gauss’s law on the same surface 
as in (a) shows that q must induce —q 
on the inner surface of the conductor. 

(c) Enclose the instrument fully by a 
metallic surface. 

2.28 (a) -g/(47rrf),(Q-|-g)/(47rr|) 

(b) By Gauss's law, the net charge on 
the inner surface enclosing the cav¬ 
ity (not having any charge) must be 
zero. For a cavity of arbitrary shape, 
this is not enough to claim that elec¬ 
tric held inside must be zero The 
cavity may have positive and nega¬ 
tive charges with total charge, zero. 
To dispose of this possibility, take a 
closed loop, part of which is inside the 
cavity along a field line and the rest 
inside the conductor. Since field in¬ 
side the conductor is zero, this gives a 
net work done by the field in carrying 
a test charge over a closed loop We 
know this is impossible for an electro¬ 
static field Hence there are no field 
lines inside the cavity (i.e., no field), 
and no charge on the inner surface of 
the conductor, whatever its shape. 

2.30 Hint- consider the conductor with the 
hole filled up. Then the field just 
outside IS (ff/fo) A and is zero in¬ 
side View this field as a superpo¬ 
sition of the field due to the filled- 
up hole plus the field due to the rest 
of the charged conductor Inside the 
conductor, these fields are equal and 
opposite. Outside they are equal both 
in magnitude and direction Hence 
the field due to the rest of^he con¬ 
ductor is (cr/2eo) fi. 

2.31 A/(27reor), where t is the distance of 
the point from the common axis of 


the cylinders The field is radial, per¬ 
pendicular to the axis 

2.33 p-uud, n.udd. 

2.34 (a) -27.2eV, 

(b) 13 6 eV, 

(c) —13 6eV, 13 6 eV Note in the lat¬ 
ter choice the total energy of the hy¬ 
drogen atom is zero. 

2.35 —19 2eV, the zero of potential energy 
is taken to be at infinity 

2.36 (a) Hint Prove it by contradic¬ 
tion. Suppose the equilibrium is sta¬ 
ble then the test charge displaced 
slightly in any direction will expe¬ 
rience a restoring force towards the 
null-point That is, all field lines near 
the null-point should be directed in¬ 
wards towards the null-point. That 
is, there is a net inward flux of electric 
field through a closed surface around 
the null-point. But by Gauss’s law, 
the flux of electric field through a sur¬ 
face enclosing no charge must be zero 
Hence the equilibrium can not be sta¬ 
ble. 

(b) The mid-point of the line join¬ 
ing the two charges is a null-point. 
Displace a test-charge from the null- 
point slightly along the line. There 
is a restoring force But displace it 
say normal to the line. You will see 
that the net force takes it away from 
the null-point. Remember, stability 
of equilibrium needs restoring force in 
all directions. 

2.37 The ratio of electric field of the first 
to the second is (b/a) A flat portion 
may be equated to a spherical surface 
of large radius, and a pointed portion 
to one of small radius. 
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2.38 (a) The atoms in the paper get polar¬ 
ized by the charged comb, resulting 
in a net force of attraction. 

(b) To enable them to conduct a 
charge (produced by friction) to the 
ground. 

(c) Reason similar to (b) 

(d) current passes only where there is 
a difference in potential. 

2.39 (a) On the axis of the dipole, poten¬ 
tial IS (±l/47rfo) p/{x^ — a^) where 
p = 2qa is the dipole moment, the 
4- sign when the point is closer to q 
and the — sign when it is closer to —q. 
Normal to the axis, at points (i, j/,0), 
potential is zero. 

(b) The dependence on r is 1 /r^ type 

(c) Zero; No, because work done by 
electrostatic field between two points 
is independent of the path connecting 
the two points. 

2.40 (a) Vp - Vq > 0; Vb - Va > 0 

(b) (P.E.)q - (P.E.)p > 0; 

(P.E )a- (PE.)b>0 

(c) Negative 

(d) Positive 

(e) Decreases 

2.41 3J (Hint: the loss in potential energy 
of the system of dipoles appears as 
heat). 

2.42 For large r, quadrupole potential goes 
like l/r^, dipole potential goes like 
l/r^i monopole potential goes like 
l/r 

2.43 18 IpF capacitors arranged in 6 par¬ 
allel rows, each row consisting of 3 ca¬ 
pacitors in series. 


2.44 11.30 km'* 

2.45 Ecjuivalcrit capacitance = ^pF; 

Q, = 10-* C, V, = lOOV ;Qj = 
Qs = 10-®C; 

Vj = 1/j = .lOV » 

Q, = 2 55 X 10-*C, Vi = 200 V. 

2.46 (a) 2.55 x 10-®J 

(b) u = 0.11.3Jm“*, u = (l/2f) 

2.47 2.67 X 10-*J 

2.48 Hint; Suppose we increase the separa¬ 
tion of the plates by Ax Work done 
(by external agency) = FAx This 
goes to increase the potential energy 
of the capacitor by uaAx where u is 
energy den.sity. Therefore F = ua 
which IS easily .seen to be (1/2) QE, 
using u = {1/2()E'^: The physical ori¬ 
gin of the factor 1/2 in the force for¬ 
mula lies in the fact that just outside 
the conductor, field is E, and inside 
it is zero. So the average value E/2 
contributes to the force. 

2.49 (a) 5.5 x 10-*F 

(b) 4.5 X lO^V 

(c) 1.3 X 10-"F. 

2.50 (a) No, because charge distributions 
on the spheres will not be uniform. 

(b) No. 

(c) Not necessarily. (True only if the 
line of force is a straight line.) The 
line of force gives the direction of ac¬ 
celeration, not that of velocity, in gen¬ 
eral. 

(d) Zero, no matter what the shape 
of the complete orbit 

(e) No, potential is continuous 
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(f) A single conductor is a capacitor 
with one of the 'plates’ at infinity. 

(g) Water molectulcs have permanent 
dipole moments. However, detailed 
explanation of the value of dielectric 
constant require microscopic theory 
and is beyond the scope of this book 

2.51 l,2xlO'’°F,2,9xlO^V. 

2.52 19 cm^ 

2.53 (a) Planes parallel to x-y plane 

(b) Same as in (a), except that planes 
differing by a fixed potential get 
closer as field increases, 

(c) Concentric spheres centred at the 
origin 

(d) A periodically varying shape near 
the grid which gradually reaches the 
shape of planes parallel to the grid at 
far distances 

* 

!,64 30 cm. 

2.56 Hint: By Gauss's law, field between 
the sphere and the shell is determined 


by (ji alone Hence potential differ¬ 
ence between the sphere and the shell 
IS independent of If q\ is positive, 
this potential difference is always pos¬ 
itive, 

i 

2.56 (a) Our body and the ground form an 
eqmpotential surface As we step out 
into the open, the original eqmpoten- 
tial surfaces of open air change, keep¬ 
ing our head and the ground at the 
same potential, 

(b) Yes The steady discharging cur¬ 
rent in the atmosphere charges up the 
aluminium sheet gradually and raises 
it^ voltage to an extent depending 
on the capacitance of the capacitor 
(formed by the sheet, slab and the 
ground) 

(c) The atmosphere is continually be¬ 
ing charged by thunderstorms and 
lightning all over the globe and dis¬ 
charged through regions of ordinary 
weather. The two opposing currents 
are on an average, in equilibrium 

(d) Light energy involved in lightning; 
heat and sound energy in the accom¬ 
panying thunder 
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3.1 .30 A 

3.2 17a, 8 5V 

3.3 (a) en 

(b) 2V, 4V, 6V 

3.4 (a) (20/19) fl 

(b) lOA, 5A, 4A: 19A. 

3‘.5 1027‘'G 

3.6 2.0 xlO'^fim 

3.7 0.0039°C-’ 

3.8 867'’C 

3.9 Current in branch AB = (4/17)A, 

in BC = (6/17)A, in CD = (-4/17)A, 
in AD = (6/17)A, in BD = 

(—2/17) A, total current = (10/17) A 

3.10 (a) X — 8.211; to minimize resistance 
of the connections which are not ac¬ 
counted for in the bridge formula. 

(b) 60,5 cm from A 

(c) the galvanometer will show no 
current. 

3.11 11.5V; the series resistor limits the 
current drawn from the external 
source. In its absence, the current 
will be dangerously high. 

3.12 Resistance in series = 598811 

3.13 Shunt resistance = 10 mfl 

/ 

3.14 2 25Y 


3.15 (a) Electric field is established 
throughout the circuit almost in¬ 
stantly (with the speed of light) caus¬ 
ing at every point a local electron 
drift. Establishment of a current 
does not have to wait for electrons 
from one end of the conductor trav¬ 
elling to the other end. However, it 
does take a little while for the current 
to reach its steady value. 

(b) Each ‘free* electron does accel¬ 
erate increasing its drift speed until 
It collides with a positive ion of the 
metal. It loses its drift speed after 
collision but starts to accelerate and 
increase its drift again only to suffer a 
collision again and so on. On th? av¬ 
erage, therefore electrons acquire only 
a drift speed 

(c) Simple Because the elec¬ 
tron number density is enormous ~ 
10^3m"'. 

(d) By no means The drift velocity' 
IS superposed over the large random 
velocities of electrons. 

(e) In the absence of electric field, the 
paths are straight lines: in the pres¬ 
ence of electric field, the paths are in 
general curved. 

3.16 2 7 xIOS (7.5h) 

Answers to Additional Exercises 

3.17 (a) Electrons 

(b) electrons and positive ions (pro¬ 
tons) of hydrogen. 

(c) H''' and SOj ~ 

(d) same as in (c); the direction of 
current opposite to that during dis¬ 
charging 

(e) electrons and holes (holes are neg 
ative charge vacancies which effet 
tively act as positive charge carriers., 

(f) electrons 
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(g) electrons 

3.18 Take the radius of the earth = 6 37 x 
10® m and obtain total charge of the 
globe. Divide it by current to obtain 
time = 283 s. Still this method gives 
you only an estimate, it is not strictly 
correct. Why? 

3.19 (a) 1 4 A, 11 9 V 

(b) 0.005 A; impossible because a 
starter motor requires large current 

100 A) for a few seconds 

3.20 (b) The term ‘capacity’ of a cell refers 
to the quantity of electrical energy it 
can supply. This depends on the size 
of the cell, among other things. A 
cell marked 3.5 Ah at Ih discharge 
rate willl supply 3 5 A for one hour. 
However depletion of energy is faster 
(than expected proportionately) for 
higher currents. Thus the cell will not 
supply 14 A for 15 min, but may sup¬ 
ply 1.75 A for more than 2 h. 

(c) (i) An accumulator (secondary 
cell) say the lead-acid type with very 
low internal resistance (ii) a ‘dry bat¬ 
tery’ (primary cell) say the carbon- 
zinc cell. 

3.21 3.9 X lO^fi 

3.22 The mass (or weight) ratio of copper 
to aluminium wire is (1.72/2.63) x 
(8.9/2 7) Ci 2.2. Since aluminium is 
lighter, it is preferred for long suspen¬ 
sions of cables. 

3.23 Ohm’s law is valid to a high accuracy; 
the resistivity of the alloy manganin 
is nearly independent of temperature. 

3.24 Plot the straight line graph; t—V = 
Ir with £ = 1,5V emd r = 0.5 fl 


The intersection of this line with the 
(non-linear) V-I plot for the conduc¬ 
tor gives the required voltage (0 9V) 
and current (1.2 A) 

3.25 (a) Inside the cell Ahere is no net 
field; the electrostatic field due to 
the plates is balanced by a field of 
non-electrostatic origin. (If this weilp 
not so, charge carriers inside the cell 
would constitute a current even when 
the circuit is open.) Outside the cell, 
the net field is just the electrostatic 
field of the plates 

(b) When the circuit is closed from 
outside, current flows in the direction 
of electrostatic field outside, and op¬ 
posite ^o the direction of electrostatic 
field inside the cell The latter fact' 
shows that there is a net field inside 
the cell opposite to the electrostatic 
field. 

(c) They are prevented from being 
neutralized because the electrostatic 

» field is opposed by a field in the source 
that has a complex non-electrostatic 
origin. The latter is related to the 
emf of the source. 

(d) Here the situation is different 
from (5)^ Now the current inside 
the secondary cell during charging is 
in the direction of electrostatic field 
The electrostatic field is greater than 
the non-electrostatic field. The termi¬ 
nal voltage therefore is greater than 
emf of the secondary cell 

(e) Emf does not have simple electro¬ 
static origin. Therefore the concept 
of potential may not be strictly ap¬ 
plicable. The emf is work done per 
unit charge. 

3.26 (a) Only current (because it is given 
to be steadyl). The rest depend on 
the area of cross section inversely. 
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(b) Np, examples of non-ohmic ele¬ 
ments: vacuum diode, semiconductor 
diode. 

(c) Typical electrical insulators (e.g. 
glass) differ in their resistivity from 
metals enormously, by a factor of the 
order of lO”. The corresponding fac¬ 
tor for thermal insulators versus ther¬ 
mal conductors is only 10^. 

(d) The internal resistance of a car 
battery decre^es with increase in 
temperature. 

(e) Mainly in its internal resistance, 
but partly in its emf also 

(f) Because the maximum current 
drawn from a source = £/r 

(g) Because, if the circuit is shorted 
(accidentally), the current drawn will 
exceed safety limits, if internal resis¬ 
tance is not large. 

3.27 (a) greater (b)' lower (c) reduces 
(d) decreases (e) decreases 

(f) nearly independent of 

(g) 10^2 

3.28 1.2 n 

3.29 (a) 0.9 A 

(b) No, there is no formula for emf 
and internal resistance of non-similar 
cells joined in parallel. For this situ¬ 
ation, one must use Kirchhoff’s rules. 

3.30 (a) (i) in series, (ii) all in parallel; n* 

(b) (i) Join 1 fl, 2 Q in parallel and 
the combination in series with 30 

(ii) parallel combination of 2 0 and 3 
n in series with 1 Cl (iii) all in series, 
(iv) all in parallel. 

(c) (i) (16/3) Cl, (ii) 5E 


3.31 Hint: Let X be the equivalent resis¬ 
tance of the infinite network. Clearly 
2 -f X/{^X -f- 1) = X which gives 
X = (1 -b \/3)n, therefore the current 
is 3.7A 

3.32 (a) Shunt resistance = 4.00 x 10“^ 
which is also nearly its net resistance; 
reads slightly less. 

(b)Series resistance = 3988 Cl] net re¬ 
sistance = 4000 fl; reads slightly less 

3.33 For X, use (b), for Y use (a) 

3.34 (a) The 20kn voltmater gives the 
highest reading; the last case (both 
the voltmeters connected across AB) 
gives the lowest reading 

(b) All cases will give the same read¬ 
ing if internal resistance is zero, oth¬ 
erwise answers similar to (a) 

3.36 IResistance per volt’ is a different way 
of specifying the current at full scale 
deflection. Here it is (1/5000)A = 
0.20mA. To convert it to a 20 V me¬ 
ter, put a resistance R in series with 
the meter so that R x2'x lO""* = 15 
i.e., R = 7.5 X 10‘* = 75,0000. The 
‘resistance per volt’ of the new meter 
is the same as before. The higher the 
‘resistance per volt’ of the meter, the 
lesser is the current it draws from the 
circuit and the better it is. So this 
meter is more accurate than the one 
graded as 2000 Cl/V. 

3.36 (a) £ = 1.25 V 

(b) To. reduce current through the 
galvanoipeter when the movable con¬ 
tact is fal froip the balance point. 

(c) No. 

(d) No. 

(e) No. If £ IS greater than the emf of 
the driver cell of the potentiometer. 
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there will be no balance point on the 
wire AB. 

(f) The circuit as it is would bi un¬ 
suitable, because the balance point 
(for £ of the order of a few mV) will 
be very close to the end A and the 
percentage error in measurement will 
be very large The circuit is modi¬ 
fied by putting a suitable resistor R 
in senes with the wire AB so that po¬ 
tential drop across AB is only slightly 
greater than the emf to be measured. 
Then the balance point will be at 
larger length of the wire and the per¬ 
centage error will be much smaller 

3.37 X = 11 7n. If there is no balance 
point, it means potential drops across 
Ror X are greater than the potential 
drop across the potentiometer wire 
AB. The obvious thing to do is to 
reduce' current in the outside circuit 
(and hence potential drops across R 
and X) suitably by putting a series 
resistor 

3.38 l,7fi 

3.39 (a) Use a standard cell to first cali¬ 
brate potential drop per unit cm of 
the potentiometer wire Then use 
an external circuit containing a cell 
and a variable resistor across which ' 
the voltmeter to be calibrated is con¬ 
nected. Tap off different potential 
drops using the variable resistor, mea¬ 
sure them by the potentiometer and 
thus calibrate the voltmeter, 

(b) Here the external circuit will con¬ 
sist of a cell, and a variable resistor in 
series with a standard resistor and the 
ammeter. The potential drop across 
the standard resistor is varied and 
measured using the calibrated poten¬ 
tiometer. PVom the known value of 
the resistance, one obtains different 


values of the current and thus the am¬ 
meter IS calibrated. 

3.40 290 kfl (The ammeter’s reading will 
be too small). This is an unusual use 
of a voltmeter meant only for high re¬ 
sistance measurement. 

3.41 (a) I = dQ/dt = A dcr/dt = 

€oAdE/dt 

(b) No; there is no conduction cur¬ 
rent across the plates However, if 
we agree to call eoAdEjdt as ‘cur¬ 
rent’ across the capacitor, then the 
first rule is valid. Maxwell called this 
the displacement current 

3.42 (a) About lOkfl 

(b) Because our body is sensitive to 
minute currents even as low as a few 
mA 

(c) This is a misleading notion. There 
is no special attractive force that 
keepis a person ‘stuck’ with a high 
power line. What happens is that a 
current of the order of 0 05 A or even 
much less is enough to disorganise our 
nervous system. The result is that the 
affected person may lose temporarily 
his ability to exercise his nervous con¬ 
trol to get himself ‘free’ from the high 
voltage point, 

(d) The cause of death is not heating, 
though a person may receive bums if 
the currents are too large. The cause 
of death is the interference caused by 
external currents in our highly sen¬ 
sitive nervous system which is ba¬ 
sically electrical in nature. Exter¬ 
nal currents cause convulsive actions, 
and especially interfere with the nerve 
processes related to our heartbeating. 
Beyond a certain point, this interfer¬ 
ence is fatal 

(e) About O.IV. 
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Chapter 

4.1 192 W 

4.2 25% 

4.3 5A 

4.4 3A; 70n 

4.5'7200 J. chemical energy stored m the 
battery 

4.6 2.9 fl (Hint: power dissipated as heat 
is 0.7 X 50 X 12 = 420W. Therefore 
PR = 420 i.e. R = 420/144 = 2.90). 

4.7 25W; 30kJ 

4.8 No, because the power dissipated 
would be 4.5 kW which exceeds the 
maximum power rating of the resis¬ 
tor 

4.9 First heater 

4.10 Mode (i) involves lesser power 
wastage, because for the same power 
transmitted, higher voltage corre¬ 
sponds to smaller current and there¬ 
fore lesser power dissipated as heat in 
the cables. 

4.11 (a) from copper to bismuth 

(b) from Copper to ir^ 

(c) from lead to platinum. 

Answers to Additional Exercises 

4.12 (a) 3,0 W 

(b) 0.40 W 

(c) 2.6 W 

(d) 2.6 W 

4.13 Series resistor of 8.0 fl 


(a) 800 W 

(b) 704 W 

(c) 86400 J 

4.14 (a) Power output = PR = 
(S^R)/{R -f r)*. This is maximum at 
R — r. Maximum power output = 

' £^/ir. 

(b) When the battery is shorted, 
power output = 0. In this case, the 
entire power is dissipated as heat in¬ 
side the battery. Its magnitude is 
fVr. 

4.15 3.0 A 

V 

4.16 (a) Power output of the source = £1- 
P r, which is maximum at / = £/2r. 

(b) I — {£ — £')/r since external re¬ 
sistance R is ncglible {£' stands for 
back emf). Power output of the elec¬ 
tric motor equals power output of the 
source since ci 0. The latter is 
maximum for J = £/2r. This gives 
£' = E/2. 

(c) The condition in 4.16(a) is more 
general than condition in 4.14(a), for 
a passive resistor, the former reduces 
to the latter. 

4.17 (a) 252000 J 

(b) 201600 J (Hint: Obtain first the 
power dissipated as heat The re¬ 
maining power is the sum of the me¬ 
chanical power yielded by the motor 
and the chemical power stored in the 
battery.) 

4.18 Nichrome ribbon, because it has 
lesser resistance. 

4.19 Hint; The temperature of the wire 
increases up to 9 where the heat 
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produced per second by the current 
equals heat lost (by radiation) per 
second, i.e., 

= h X 2'irrl 

(Ignoring heat loss from the ends) 

where h is the heat lost perSecond per 
unit surface area of the wire. Clearly, 
h (and therefore the steady state tem¬ 
perature 6) is independent of 1. 

4.20 T = 0.24 mm. Hint: From the equa¬ 
tion P oc r^. 

4.21 (a) No, the steady temperature ac¬ 
quired by a resistor depends not only 
on the power consumed but also on its 


characteristics (such as surface area, 
emittivity etc ) which determine its 
power loss due to radiation. 

(b) Tungsten bulb. 

4.22 120“ C 

4.23 0 25n 

4.24 No, the phenomenon described is 
known as the Peltier effect. In ordi¬ 
nary Joule effect of current (for which 
the given formula applies) heat is pro¬ 
duced by the current no matter what 
its direction is. (Notice, the formula 
involves ie. it depends only on 
the magnitude of J). 
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Chapter 5 


5.2 TT X 10-'‘T ~ 3.1 X 10-''T 

5.4 3.5 xlO-®T 

5.5 4 X 10“® T vertical up 

5.6 1.2 xlO“®T towards south 

6.7 (a) 1.9 x 10“'‘T normal to the plane 
of the paper going out of it 

(b) same magnitude of B but oppo¬ 
site in direction to that in (a) 

6.8 0,6Nm"‘ 

5.9 8.1 xlO“^Ni direction of force given 
by Fleming’s lefthand rule 

5.10 2 xlO"®N; attractive force normal to 
A towards B 

5.11 Stt X lO-^T ca 2.5 x lO'^T 

6.12 0.96 Nm 

5.13 (a) 1.4 (b) 1 

5.14 4.2 cm 

5.15 18 MHz 

6.16 (a) 3.1 Nm (b) No, the answer is 
unchanged because the formula 7 = 
NIA X B is true for a planar loop 
of any shape. 

Answers to Additional Exercises 

5.17 Stt X 10~^ T = 1.6 X 10”® T towards 
west 

5.18 Length about 50 cm, radius about 
4 cm, number of turns about 400, 


current about 10 A. These particu¬ 
lars are not unique. Some adjustment 
within’ limits is possible. 

6.19 (b) In a small region of length 2d 
about the mid-point between the 
coils, 






where in the second and third steps 
above, terms containing and 

higher powers of d/R are neglected 
since d/R 1. The terms linear in 
d/R cancel giving a uniform field B 
in a small region: 



6.20 Hint: B for a toroid is given by the 
same formula as for a solenoid: B = 
PoTi/, where n in this case is given 
by n = N/2nr. The field is non-zero 
only inside the core surrounded by 
the Windings, (a) zero (b) 3.0 x 10'® 
T (c) zero Note, the field varies 
slightly across the cross-section of the 
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toroid as r vanes from the inner to 
outer radius. Answer (b) corresponds 
to the mean radius r = 25 5 cm. 

5.21 (a) initial v is either parallel or an¬ 
tiparallel to B 

(b) Yes, because magnetic force can 
change the direction of v, not its mag¬ 
nitude 

(c) B should be m a vertically down¬ 
ward direction, 

5.22 (a) Electron-positron pair production 
by a high energy gamma ray 

(b) The charged particles ionize much 
more in a liquid than in a gas. 
They progressively lose energy and 
get slower after collisions with the en¬ 
vironment. Since the radius of a track 
in a given B is proportional to the 
speed of the particle, it decreases pro¬ 
gressively, giving rise to spiral paths. 

(c) The edge L of the strip in the fig¬ 
ure IS positive, while the edge N is 
negative. 

(d) Conduction is effectively via pos¬ 
itive charge carriers as in conduction 
via holes (electron vacancies) in semi¬ 
conductors. 

5.23 (a) Circular trajectory of radius 1.0 
mm normal to B (b) helical trajec¬ 
tory of radius 0 5 mm with velocity 
component 2.3 x 10^ms~^ along B 

5:24 B = 0.66T, Kinetic energy = 7.4 
MeV 

5.25 Deuterium ions or deuterons, the an¬ 
swer is not unique because only the 
ratio of charge to mass is determined 
Other possible answers are He++, 
Li+++ etc. 


5.26 (a) A horizontal magnetic field of 
magnitude 0.26 T normal to the con¬ 
ductor in such a direction that Flem¬ 
ing's left hand rule gives a magnetic 
force upward, (b) 1.176 N 

5.27 1.2 N m“’, repulsive. Note, ob¬ 
taining total force on the wire as 
1.2 X 0.7 = 0.84 N is only approx¬ 
imately correct because the formula 
F — (/io/27rr)/i/2 for force per unit 
length is strictly valid for infinitely 
long conductors. 

5.28 (a) 2.1 N vertically downwards 

(b) 2.1 N vertically downwards (true 
' for any angle between current and di¬ 
rection and B since Isind remains 
fixed, equal'to 20 cm) 

(c) 1.68 N vertically downwards. 

5.29 Use T = /A x B and f = 71 x B 

(a) 1.8 X10"^ N m along - y direction 

(b) same as in (a) 

(c) 1 8 X 10“^ N m along - x direction 

(d) 1 8 X 10~^ N m at an angle of 240° 
with the +a; direction 

(e) Zero (f) Zero 

Force is zero in'each case Case (e) 
corresponds to stable, and case (f) 

. corresponds to unstable equilibrium. 

5.30 (a) 0.384 N m; the coil experiences 
this torque whenever the s-axis lies 
in the plane of the coil. 

(b) torque is zero whenever the coil 
lies in the y - z plane. Equilibrium is 
stable in this plane when the sense of 
current circulation in the loop is such 
that the area vector (related to this 
sense via right-handed screw rule) is 
parallel to B; it is unstable when 
the area vector is antiparallel to B. 
(This rule can be equivalently stat^ 
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in terms of magnetic moment of the 
loop; /i = /A. When /i is parallel 
to B, equilibrium in stable; when /i is 
antiparallel to B, equilibrium is un¬ 
stable.) 

6.31 3.0 X 10“®Nm per degree 

5.32 Circular loop in a plane containing 
E - W direction, 1.54 x 10“^ N m 
(Hint; For a given perimeter, a circle 
encloses maximum area for any pla¬ 
nar curve.) 

5.33 4.0 xlO”® N (attractive) [Hint; First 
calculate the force on the short con¬ 
ductor due to B of the long conduc¬ 
tor, and then apply Newton's third 
law.) 

5.34 11.3 A [Hint; Equilibrium condition 
is; IBlcoaO = sin 0 where 9 is the 
inclination of the plane.] 

5.35 (a) zero (b) zero (c) force on each 
electron is evB = IBl{nA) = 5 x 
IQ-s-’N Note; Answer (c) denotes 
only the magnetic force Actually 
there will be an additional balancing 
force due to the Hall emf generated 
across the width of the wire. See 5 36 

5.36 7 0 X 10“m-5 [Hint; Use Eq. (5.53).] 

6.37 108 A 

5.38 (a) (i) straight line (ii) parabola 
(iii) parabola 

(b) (i) straight line (ii) circle in a 
plane normal to the field (iii) helix 
with its axis parallel to B 

The speed is'constant for each case 
under (b) 

(c) (i) straight line (ii) same as case 


(iii) next (iii) resolve v along B and 
perpendicular to it, motion is circu¬ 
lar, motion perpendicular to B is cir¬ 
cular motion parallel to B (or E) is 
acceierated or retarded due to E 

5.39 (c) Hint A straight conductor of fi¬ 
nite length cannot by itself form a 
complete steady current circuit. Ad¬ 
ditional conductors are necessary to 
close the circuit These will spoil the 
symmetry of the problem. The dif¬ 
ficulty disappears if the conductor is 
infinitely long. 

5.40 (a) No, because that would require t 
to be in the vertical direction But t 
= / A X B, and since A of the hori¬ 
zontal loop is in the vertical direction, 
T must be iii the plane of the loop. 

(b) Orientation of stable equilibrium 
IS one where the area vector A of the 
loop is in the direction of external 
magnetic field. In this orientation, 
the magnetic field produced by the 
loop is in the same direction as ex¬ 
ternal field, both normal to the plane 
of the loop, thus giving rise to maxi¬ 
mum flux of the total field. 

(c) It assumes circular shape with its 
plane normal to the field to maximize 
flux, since for a given perimeter, a 
circle encloses greater area than any 
other shape 

(d) Yes, it IS, and this fact is crucial to 
the phenomenon of electromagnetic 
waves, as you will see in later chapter. 

5.41 7.8x 10““* N, towards the long conduc¬ 
tor if the current in the closer side of 
the loop is in the same direction as 
the current in the long conductor; re¬ 
pulsive otherwise. Note, the forces on 
the two smaller sides of the loop can¬ 
cel each other. 
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Chapter 6 

6 fl 7.2 X 10“'*J; direction of torque is such 
as to end to bring the needle along B 


meridian making an angle of 60° (up¬ 
wards) with the horizontal (magnetic 
south to magnetic north) direction. 
Magnitude = 0.32 G. 


6.2 w = 8.0s ’ 

6.3 0.36 JT"' 

6.4 (a) m parallel to B;U = —mB = 
—4.8 X 10“^J, stable 

(b) m antiparallel to B;U^= -l-mB = 
4-4.8 X lO'^J; unstable. 

6.5 m = 9 0 X 10"^ JT“', directed along 
normal to the plane of the loop away 
from the observer. 

6.6 69.3 JT-’ 

6.7 0.60 JT“' along the axis of the 
solenoid; the direction determined by 
the sense of flow of current. 

6.8 7.5 X10-=*J 

6.9 (a) (i) 0.33J (ii) 0.66J 

(b) (i) torque of magnitude 0.33 J in a 
direction that tends to align the mag¬ 
netic moment vector along B. (ii) 
Zero. 

6.10 (a) 1.28 Am^ along the axis in the di¬ 
rection related to the sense of current 
via the right-handed screw rule. 

(l>)force IS zero in uniform field, 
torque = 0 048 Nirt in a direction that 
tends to align the axis of the soienoid 
(i.e. its magnetic moment vector) 
along B. 

6.11 B = 0.35 sec 22° ~ 0.38 G. 

6.12 The earth’s field lies in a vertical 
plane 12° west of the geographic 


6.13 (i) 0.96 G along S-N direction. 

(ii) 0.48 G along N-S direction 

6.14 0.54 G in the direction of earth’s field 

6.15 At 14x2"^'^^ ci 11 1 cm on the normal’ 
bisector. 

6.16 (a) (fiom)/(4irr^) = 0.42 x 10“^ which 
gives r = 5.0 cm 

(b) (tiom)/(2nrf) = 0 42 x 10“'* i.e. 
rj = 2*'^^ r ~ 6 3 cm 

6.17 Use I = mB j m = NIA to 

get J = 1.2 X 10"^ kgm* 

Answers to Additional Exercises 

6.18 Parallel to and above the cable at a 
distance of 1.5 cm. 

6.19 Below the cable: 

Rh = 0.39co5 35°-0.2 
= 6.1195 G: 

= 0.39sin35° = 0.224 G. 

R =' -^/Rh^ + Rj^ =Q.254G] 

0 = tan"^ ^ ~ 62° 

Rh 

Above the cable; 

Rh = 0.39 cos 35° 4-0.2 
= 0.5195 G 
R^ = 0 224G 
R = 0.566 G, 23° 

6.20 (a) Bh = UioIN/2r) cos 45° = 0.39G 
(b) east to west (i.e the needle will 
reverse its original direction). 
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6.21 In a stable equilibrium, the loop is 
34° west of the magnetic meridian, 
its sense of current flow being such 
that its magnetic moment vector is 
. 56° east of magnetic north. If the cur¬ 
rent in the loop is reversed, this ori¬ 
entation IS in unstable equilibrium. A 
slight perturbation will result in the 
rotation of the loop by 180° bringing 
it to stable equilibrium. 

6.22 Magnitude of the other field 

1.2 X 1Q~* X sin 15° 
sin 45° 

= 4.4 X 10-=‘T 

6.23 


v/2Tn« X kinetic energy 
_ _ ^ 

= 11.3m 

Up or down deflection = i?(l — cos 0), 
where sindl = 0.3/11.3. We get de¬ 
flection 2i4 mm. 


6.24 Hint: Potential energy of the configu¬ 
ration arises due to the potential en¬ 
ergy of one dipole (say B) in the mag¬ 
netic field due to the other (A). Use 
the result that 

/io ni4 
4ir 

(on the normal bisector) 

Po 

2ir r3 

(on the axis) 






Equilibrium is stable when ma is par¬ 
allel to Ba, and unstable when m 3 b 
anti-parallel to Ba- (a) ABj and AB 2 

(b) (i) ABa, ABe (stable) 

(ii) ABs, AB 4 (unstable) 

(c) AB* 


6.25 Initially, total dipole moment 

= 0l5x 1,5 X 10““ X 2 0 X 10^'' 

= 4.5 JT“’ ■ 

Use Curie’s law m oc B/T to get the 
final dipole movement 

= 4.5 X (0 98/0 84) x (4 2/2.8) 

= 7.9 JT“' 

6.26 Use the formula B = fioKnl, K = 
/i//io (relative permeability) to get 
B ^ 5.76T. 

6.27 Of the two, the relation /ij = 

—(e/2m)l IS in accordance with clas¬ 
sical physics. It follows easily from 
the definitions of /i; and 1' 

Pi = IA = {elT)'i^r^ 

27rr® 

I =s mvr = 

where r is the radius of the circular 
orbit which the electron of mass m 
and charge (—c) completes in time T. 
Clearly m/I = ef2m. 

Since charge of the electron is neg¬ 
ative (= —e), it is easily seen that 
fii and 1 are antiparallel, both normal 
to the plane of the orbit. Therefore 
/il= -e/2m\. Note p,/s in contrast 
is e/m, i.e. twice the classically ex¬ 
pected value. This latter result (veri¬ 
fied experimentally) is an outstanding 
consequence of modern quantum the¬ 
ory can not be obtained classically 

6.28 (a) In either case, one gets two mag¬ 
nets, each with a north and south 
pole. 

(b) Molten iron is above its Curie 
temperature (=770°C) and is there¬ 
fore not ferromagnetic. An iron bar 
magnet when melted does not retain 
its magnetism. 

(c) No force if the field is uniform. 
The iron nail experiences a non- 
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uniform magnetic field due to the 
bar magnet. The induced magnetic 
moment in the nail therefore expe¬ 
riences both force and torque The 
net force is attractive because the in¬ 
duced (say) south pole in the nail is 
closer to the north pole of the magnet 
than the induced north pole. 

(d) Not necessarily. True only if the 
source of the field has a net non-zero 
magnetic moment. This is not so for 
a toroid or even for a straight infinite 
conductor. 

(e) Depends on what one means by 
three poles. Poles must always occur 
in pairs. But one can think of two bar 
magnets with (say) their north ends 
glued together as providing a three- 
pole field configuration. 

(f) Try to bring different ends of the 
magnets closer. A repulsive force in 
some situations establishes that both 
are magnetized If it is always attrac¬ 
tive, then one of them is not mag¬ 
netized. To see which one, pick up 
one say A and lower one of its ends; 
first on one of the ends of the other 
(say B), and then on the middle of 
B. If you notice that in the middle of 
B, A experiences no force, then B is 
magnetized. If you do not notice any 
change from the end to the middle of 
B, then A is magnetized. 

6.29 (a) Magnetic declination, angle of 
dip, horizonteJ component of earth’s 
magnetic field. 

(bi) Greater in Britain, (it is about 
70°), because Britain is closer to the 
magnetic north pole. 

(c) Field lines of B due to the earth’s 
magnetism would seem to come out 
of the ground 

(d) A compass is free to move in 
a horizontal plane, while the earth’s 


field is exactly vertical at the mag¬ 
netic poles So the compass can point 
m any direction there 

(e) Use the formula for field B on the 
normal bisector of a dipole of mag¬ 
netic moment m. 


Take m = 8 x 10^^ JT r = 6 4 x 
10®m; one gets B = 0 3 G which 
checks with the order of magnitude 
of the observed field on the earth. 

(f) Why not? The earth’s field is only 
approximately a dipole field Local 
N-S poles may arise due to, for in¬ 
stance, magnetized mineral deposits. 

6.30 (a) Yes, it does change with time. 
Time scale for appreciable change is 
roughly a few hundred years. But 
even on a much smaller scale of a 
few years, its variations are not com¬ 
pletely negligible. 

(b) Because molten iron (which is the 
phase of the iron at the high temper¬ 
atures of the core) is not ferromag¬ 
netic. 

(c) One possibility is the radioactivity 
in the interior of the earth. But no¬ 
body really knows. You should con¬ 
sult a good modern text on geomag¬ 
netism for a proper view of the ques¬ 
tion. 

(d) Earth’s magnetic field gets weakly 
‘recorded’ in certain rocks during so¬ 
lidification. Analysis of this rock 
magnetism offers clues to geomag¬ 
netic history. 

(e) At large distances, the field gets 
modified due to the field of ions m 
motion (in the earth’s ionosphere). 
The latter is sensitive to extraterres¬ 
trial disturbances such as, for exam¬ 
ple, the solar wind. 
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(f) From the relation R = muleB, an 
extremely minute field bends charged 
particles in a circle of very large ra¬ 
dius. Over a small distance, the de¬ 
flection due to the circular orbit of 
such large R may not be noticeable, 
but over the gigantic interstellar- 
distances, the deflection can signifi¬ 
cantly affect the passage of e g. cos¬ 
mic rays. 

6.31 (a) Wrong. Magnetic field lines can 
never emanate from a point as shown. 
Over any closed surface, the net flux 
of B must always be zero; i.e , pic- 
torially as many field lines should 
seem to enter the surface as the num¬ 
ber of lines leaving it and going out. 
The field lines shown, in fact, rep¬ 
resent electric field of a long po.si- 
tively charged wire. The correct mag¬ 
netic field lines are lines circling the 
straight conductor, as described in 
chapter 5. 

(b) Wrong Magnetic field lines (like 
electric field lines) can never cross 
each other, because otherwise the di¬ 
rection of the field at the point of 
intersection is ambiguous. There is 
further efror in the figure. Mag¬ 
netostatic field lines can never form 
closed loops around empty space. A 
closed loop of a static magnetic field 
line must enclose a region across 
which a current is passing. (By 
contrast, electrostatic field lines can 
never form closed loops, neither in 
empty space, nor even when the loop 
encloses charges). 

(c) Right. Magnetic lines are com¬ 
pletely confined within a toroid 
Nothing wrong here in field lines 
forming closed loops, since each loop 
encloses a region across which a cur¬ 
rent passes. Note, for clarity of figure, 
only a few field lines within the toroid 
have been shown. Actually, the entire 


region enclosed by the windings con¬ 
tains magnetic field 

(d) Wrong. Field lines due to a 
solenoid at its ends and outside can¬ 
not be so completely straight and 
confined, such a thing violates Am¬ 
pere’s law. The lines should curve out 
at the ends, and meet eventually to 
form closed loops. 

(e) Right These arc field lines out¬ 
side and inside of a bar magnet, Note 
carefully the direction of field lines in¬ 
side. Not all field lines emanate out of 
a north pole (or converge into a south 
pole). Around both the N-pole, and 
the S-pole, the net flux of the field is 
zero. 

(f) Wrong. These field lines cannot 
possibly represent a magnetic field. 
Look at the upper region. All the 
field lines seem to emanate out of 
the shaded plate. The net flux of 
field through a surface surrounding 
the shaded plate is not zero. This is 
impossible for a magnetic field. The 
given field lines, in fact, show the 
electrostatic field lines around a posi¬ 
tively charged upper plate and a neg¬ 
atively charged lower plate. The dif¬ 
ference between figures (e) and (f) 
should be carefully grasped. 

(g) Wrong Magnetic field lines be¬ 
tween two pole pieces cannot be pre¬ 
cisely straight at the ends. Some 
fringing of the lines is inevitable. 
Otherwise, Ampere's law is violated. 
This is true also of electric field lines. 

6.32 (a) No. The magnetic force is al¬ 
ways normal to B (remember mag¬ 
netic force = e V X B). It is mislead¬ 
ing to call field lines of B as lines of 
force, 

(b) If field lines were entirely con¬ 
fined between two ends of a straight 
solenoid, the flux through the cross- 
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the (orbital) motion of charges inside 
the nail. Actually, however, charges 
(electrons) have intrinsic magnetic 
moments also - a fact that can be 
imderstood only m the framework 
of quantum mechanics In a non- 
uniform field, these magnetic dipoles 
experience force leading to an in¬ 
crease in the kinetic energy of the nail 
as a whole 


section at each end would be non¬ 
zero. But the flux of field B through 
any closed surface must always be 
zero. For a toroid, this difficulty is 
absent because it has no ‘ends’. 

(c) Gauss’ law of magnetism states 
that the flux B through any closed 
surface is always zero- B da = 0 
for any closed S. 

If monopoles existed, the r h.s 
would equal the monopole (magnetic 
charge) enclosed by S. (Analogous 
to Gauss’ law of electrostatics). B • 
ds = qiml where qm is the (monopole) 
magnetic charge included by S. 

{d)No. There is no force or torque on 
an element due to the field produced 
by that element itself. But there is a 
force (or torque) on an element of the 
same wire. (For the special case of a 
straight wire, this force is zero) 

(e) Yes. The average of the charges 
in the system may be zero. Yet, the 
mean of the magnetic moments due 
to various current loops may not be 
zero. A neutron, for example, has 
zero charge but non-zero magnetic 
moment. 

(f) This is not a simple question. 
Think of the nail as so many charges 
in motion. In the bar’s magnetic field, 
each charge in motion in the nail ex¬ 
periences a magnetic force that alters 
its velocity but not speed. The total 
energy of the system (the nail) can¬ 
not change, since magnetic force does 
no work. But because of changes in 
individual velocity directions, the ve¬ 
locity of the centre of mass can in¬ 
crease, obviously at the expense of 
the nail’s internal energy. Magnetic 
field provides force, while internal en¬ 
ergy of the nail provides increase in 
kinetic energy of the nail as a whole 
The above answer would be complete 
if magnetic moments arose only from 


6.33 (a) The tendency to disrupt the align¬ 
ment of dipoles (with the magnetiz¬ 
ing field) arising from random ther¬ 
mal motion is reduced at lower tem¬ 
peratures. 

(b) The induced dipole moment in a 
diamagnetic sample is always oppo¬ 
site to the magnetizing field, no mat¬ 
ter what the internal motion of the 
atoms is. 

(c) Slightly less, since bismuth is dia¬ 
magnetic 

(d) JVo, as is evident from the mag¬ 
netization curve. From the slope of 
magnetization curve, it is clear that 
H is greater for lower fields. 

(e) Proof of this important fact 
(of much practical use) is based 
on boundary conditions of magnetic 
fields (B and H) at the interface of 
two media. (When one of the media 
has 3> 1, the field lines meet this 
medium nearly normally). Details are 
beyond the scope of this book. 

(f) Yea. Apart from minor differ¬ 
ences in strength of the individual 
atomic dipoles of two different ma¬ 
terials, a paramagnetic sample with 
saturated magnetization will have the 
same order of magnetization. But of 
course, saturation requires impracti- 
cally high magnetizing fields. 

6.34 (b) Carbon steel piece, because heat 
lost per cycle is proportional to the 
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area of the aresia loop. 

(c)Magnetiz ' lon of a ferromagnet is 
not a single-valued function of the 
magnetizing field. Its value for a par¬ 
ticular field depends both on the field 
and also on history of magnetization 
(i.e how many cycles of magneti¬ 
zation it has gone through etc.). In 
other words, the value of magnetiza¬ 
tion is a record or 'memory' of its 
cycles of magnetization. If informa¬ 
tion bits can be made to correspond 
to these cycles, the system displaying 


such a hysteresis loop can act as a de¬ 
vice for storing information 

(d) Ceramics, (specially treated bar¬ 
ium iron oxides) also called ferrites. 

(p) Surround the region by soft iron 
rings. Magnetic field Imps will be 
drawn into the rings, and the en¬ 
closed space will be free of magnetic 
field But this shielding is only ap¬ 
proximate, unlike the perfect electric 
shielding of a cavity in a conductor 
placed in an external electric field. 




